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ABSTRACT 


A  method  of  optimizing  the  selection  of  a  powerplant 
based  upon  engine  and  fuel  weight  is  developed  for  use  in 
a  conceptual  helicopter  design  course.  Historical  data  is 
analyzed  to  verify  and  modify  existing  formulae  used  to 
estimate  engine  performance  and  engine  installation  weight 
Computational  programs  for  use  on  a  hand-held  computer  and 
the  IBM  3033  are  developed  to  predict  analytically  engine 
fuel  flow  characteristics  and  to  optimize  engine  selection 
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I .  INTRODUCTION 


A.  BACKGROUND 

The  selection  of  a  powerplant  in  the  design  process  of  a 
helicopter  has  become  an  extremely  complex  task.  Mission 
profile  performance,  weight,  life  cycle  costs,  maintain¬ 
ability,  and  noise  have  all  become  important  considerations. 
Early  helicopter  designers  were  concerned  only  about  weight 
and  power  available.  In  fact,  until  1876  when  N.  A.  Otto 
invented  the  four  stroke  internal  combustion  engine,  there 
were  no  engines  with  power  to  weight  ratios  high  enough  to 
enable  practical  powered  flight.  It  was  not  until  1907  that 
a  24  horsepower  Antoinette  engine  provided  the  power  for  the 
first  free  flight  in  a  helicopter. 

Internal  combustion  engine  technology  remained  well 
ahead  of  stability  and  control  design  in  helicopters  through 
the  first  half  of  the  20th  century.  But  in  1954,  the  H-39 
was  built  by  Sikorsky  as  a  test  bed  for  the  gas  turbine 
engine  (a  Turbomeca  Artouse  II  engine),  and  in  1956  the 
first  version  of  the  UH-1  was  flown  powered  by  an  American 
built  Lycoming  T53-L-11  gas  turbine.  This  design  was  a 
major  breakthrough  in  aircraft  engines  because  it  signifi¬ 
cantly  reduced  the  weight  while  increasing  payload  and  speed 
over  similar  utility  helicopters  driven  by  reciprocating 
engines  (despite  a  somewhat  lower  specific  fuel  consumption 
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rate).  Continued  advancements  in  turboshaft  engine  tech¬ 
nology  over  the  past  25  years  have  resulted  in  a  proli¬ 
feration  of  engines  available  for  consideration  by  the 
helicopter  designer — to  the  extent  that  even  for  preliminary 
design  some  specific  guidance  is  needed  toward  making  a 
suitable  selection. 

The  purpose  of  this  study  is  to  develop  a  process  for 
selecting  a  powerplant  which  would  best  meet  preliminary 
design  specifications  for  a  helicopter  [Ref.  1].  This 
process  has  to  be  straight-forward  enough  to  be  used  in  an 
initial  design  course  by  graduate  students  who  are  not  heli¬ 
copter  experts.  From  an  engineering  standpoint,  initial 
design  of  a  helicopter  to  meet  given  mission  and  physical 
specifications  focuses  upon  performance,  fuel  economy,  and 
weight  as  primary  selection  criteria.  Those  criteria  are, 
therefore,  emphasized  here. 

B.  OBJECTIVES 

In  order  to  accomplish  the  overall  goal  of  providing  a 
basic  guide  for  the  selection  of  a  powerplant  in  the  prelim¬ 
inary  design  of  a  helicopter,  the  following  objectives  were 
to  be  attained: 

1.  Presentation  of  an  outline  of  powerplant  selection 
criteria  with  references  for  more  detailed  explana¬ 
tion  of  those  major  considerations  which  would  not  be 
dealt  with  in  this  study. 

2.  A  "paring  down"  of  selection  criteria  to  those  appli¬ 
cable  to  an  engineering  preliminary  design  course. 


Collection  and  tabular  presentation  of  accurate  data 
on  6  turboshaft  engines  which  represent  current  tech 
nology  performance. 

Development  of  programs  to  optimize  engine  selection 
using  either  a  hand-held  calculator  (HP-41C)  or  the 
IBM  3033  computer  (FORTRAN). 

Verification  of  data  and  calculations  by  comparison 
with  flight  manual  information  for  an  operational 
helicopter. 


II.  APPROACH  TO  THE  PROBLEM 


A.  OVERVIEW 

The  selection  of  a  powerplant  for  a  modern  helicopter 
has  become  so  complex  that  in  recent  military  helicopter 
programs  competing  manufacturers  designed  their  aircraft 
around  a  particular  engine  (UH-60A,  AH-64,  and  Lamps  III  all 
using  versions  of  the  GE  T700  engine).  In  general,  research 
and  development  costs  and  time  usually  limit  airframe  de¬ 
signers  to  consideration  of  existing  engines.  This 
approach  seemed  most  realistic  and  was  used  in  this  study 
(as  opposed  to  developing  a  "rubber"  engine  which  could  have 
been  optimized  for  use  under  the  design  specifications  of 
the  particular  aircraft  being  built).  The  following 
approach  was  taken  to  develop  a  viable  method  of  evaluating 
and  then  selecting  the  most  suitable  powerplant  available 
during  preliminary  design: 

1.  Broad  selection  criteria  were  established. 

2.  Performance  was  reasoned  to  be  the  essential  criteria 
for  initial  design. 

3.  Performance  parameters  were  established. 

4.  External  factors  affecting  engine  performance  were 
evaluated. 

5.  Methods  of  obtaining  and  extracting  engine  data  were 
explored. 

6.  Data  essential  for  performance  evaluation  was 
determined. 


7.  Weight  calculations  were  researched. 

8.  A  selection  and  optimization  process  was  developed. 

B.  BROAD  EVALUATION  CRITERIA 

[Ref.  2]  describes  four  criteria  by  which  to  rate  the 
overall  mission  effectiveness  of  any  major  component  in 
military  helicopter  design.  These  criteria  include  three 
considerations  which  are  operational  in  nature  and  a  fourth 
which  is  economic.  They  are: 

1.  Mission  Readiness.  This  includes: 

a)  Mission  Capability  (specifically,  can  the  compo¬ 
nent  do  what  it  was  designed  to  do). 

b)  Availability  (which  is  a  function  of  reliability 
and  maintainability). 

2.  Survivability 

3.  Performance.  This  is  based  upon  predetermined  mission 
profiles  which  result  in  specifications  (e.g.  hover 
out  of  ground  effect  at  maximum  gross  weight  at  4000 
feet  pressure  altitude  and  95  degrees  ambient  temper¬ 
ature  ) . 

4.  Cost  Factors 

a)  Life  Cycle  Costs 

i)  Research  and  development. 

ii)  Initial  investment. 

iii)  Operational  costs  (e.g.  fuel,  personnel  and 
training) . 

iv)  Maintenance. 


or: 

b)  Incremental  Costs.  Only  those  costs  which  differ 
between  competing  components. 
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Each  of  the  above  factors  must  be  weighed  according  to  its 
importance  to  the  procuring  agency. 

C.  THE  ESSENTIAL  CRITERIA— PERFORMANCE 

It  was  realized,  after  some  thought,  that  the  single 
most  important  factor  in  the  selection  of  an  existing  engine 
is  mission  capability.  Without  this  factor,  the  others  have 
little  meaning.  The  engine  must  first  be  able  to  provide 
sufficient  power  to  enable  the  aircraft  to  do  its  designed 
mission.  Mission  capability  is  predominantly  a  function  of 
performance  characteristics.  For  the  purposes  of  prelimi¬ 
nary  engineering  design,  then,  it  seemed  most  logical  and 
useful  to  focus  upon  capability,  and  thus  performance,  as  the 
criteria  for  powerplant  selection. 

D.  PERFORMANCE  PARAMETERS 

Performance  of  a  turboshaft  engine  designed  for  use  in 
rotary  wing  aircraft  has  been  traditionally  measured  in  the 
following  ways: 

1.  Output  shaft  horsepower. 

2.  Specific  fuel  consumption. 

3.  Power  to  weight  ratio. 

These  parameters  are  used  in  this  study  as  the  essential 
criteria  upon  which  the  final  selection  of  an  engine  is  made 
for  use  in  preliminary  design. 


E.  EXTERNAL  FACTORS  AFFECTING  ENGINE  PERFORMANCE 


It  was  found  that  engine  specification  manuals  prepared 
by  engine  manufacturers  contained  a  myriad  of  technical 
specifications  and  performance  data.  These  manuals  quite 
naturally  presented  the  performance  characteristics  of  their 
engines  in  the  best  possible  forms.  However,  numerous  qual¬ 
ifications  (e.g.  altitude,  temperature,  bleed  air,  distortion) 
were  placed  on  the  specifications.  Extreme  care  had  to  be 
taken  in  interpreting  the  data. 

[Ref.  3]  outlines  an  array  of  considerations  which 
should  be  accounted  for  before  evaluating  raw  engine 
performance  data  extracted  from  specification  manuals. 

Included  are  the  following: 

1.  Basic  airframe  design  (as  it  applies  to  installa¬ 
tion  and  removal  of  the  engine  and  to  the  location 
of  the  output  shaft). 

2.  Air  induction  system  (perhaps  most  importantly  the 
particle  separator). 

3.  The  starting  system. 

4.  The  lubrication  system. 

5.  The  cooling  system. 

6.  The  exhaust  system. 

7.  The  fuel  system. 

8.  The  fire  protection  system. 

9.  Accessories  (such  as  anti-ice  and  environmental 
control) . 

One  primary  reason  for  consideration  of  the  above  areas  is 
to  ascertain  the  power  losses  associated  with  their 
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operation  which  may  not  have  been  accounted  for  in  the  engine 
specif icat ions . 

During  the  preliminary  design  phase,  the  details  about 
the  systems  noted  above  may  not  be  known  and  are  very 
probably  determined  by  the  final  engine  selection.  Therefore, 
for  the  purposes  of  preliminary  design,  a  conservative  estimate 
of  1-2  percent  bleed  air  and  inlet  losses  were  made  [Ref.  4]. 

A  reduction  by  10  hp.  of  the  published  usable  shaft  horse¬ 
power  from  the  engine  manuals  is  included  in  the  analytical 
solutions  used  in  this  study  to  account  for  such  losses. 

Standard  practice  in  the  preliminary  design  of  military 
helicopters  requires  that  fuel  flow  rates  based  upon  engine 
specifications  be  increased  by  5  percent  in  all  calculations 
[Ref.  5].  This  conservative  procedure  allows  for  handling 
characteristics  and  system  degradation  over  time.  This 
5  percent  increase  is  incorporated  in  the  programs  developed 
in  this  study. 

F.  EXTRACTING  DATA  AND  PREDICTING  PERFORMANCE 

With  the  above  initial  considerations  made,  the  next 
step  was  extracting  relevent  performance  data  from  the  manu¬ 
facturer's  manuals.  Two  things  were  immediately  noted: 

1.  Technical  performance  terminology  was  difficult  to 
understand  but  was  critical  to  accurate  interpreta¬ 
tion  of  the  data.  Some  particularly  important 
definitions  were  compiled  and  are  in  Appendix  A. 

2.  Performance  data  at  standard  sea  level  conditions 
was  always  given  whereas  data  at  a  particular  design 
condition  may  not  have  been  tabulated. 


Since  determination  of  performance  characteristics  at  design 
specifications  is  critical,  research  was  conducted  on 
methods  by  which  nonstandard  performance  data  could  be 
obtained.  At  least  three  ways  of  obtaining  performance  data 
at  specific  operating  conditions  were  found: 

1.  Computer  programs  developed  by  the  manufacturer: 

(e.g.  [Ref.  6]  for  the  T700-GE-401  engine). 

2.  Interpolation  of  charts  sometimes  included  in  the 
manufacturer's  specification  manual  ([Ref.  7]  for 
the  T53  Lycoming  series  engines). 

3.  Flight  data  charts  from  operators  manual  if  the 
engine  was  already  being  used  in  an  operational 
aircraft  ([Ref.  8]  for  the  T400  Pratt  Whitney 
engine) . 

Computer  programs  were  found  to  be  consistently  available  on 
the  engines  developed  within  the  last  10  years.  However 
these  programs  were  not  easily  obtained,  were  complex  to  use, 
and  often  did  not  interface  with  available  hardware.  As  a 
result,  each  of  the  above  listed  methods  was  used  for  at 
least  one  of  the  six  engines  in  Appendix  B  to  verify  the 
performance  approximations  used  in  this  study. 

Another  method  found  of  predicting  engine  performance  is 
to  digitize  published  data,  then  utilize  a  regression 
program  which  results  in  a  formula  which  predicts  engine 
performance  at  any  desired  airspeed  or  density  altitude. 

Such  an  approach  was  taken  in  [Ref.  9].  This  method  was 
found  to  be  very  time  consuming  and  was  much  less  accurate 
than  those  mentioned  above. 


G.  ESSENTIAL  DATA 


Minimum  essential  data  for  engine  performance  evaluation 
was  determined  to  be  the  following: 

1.  Output  shaft  horsepower  available  and  specific  fuel 
consumption  at  three  power  settings  at  sea  level 
standard  conditions.  This  data  provided  a  basic  idea 
of  the  power  available  from  the  engine  as  well  as 
sufficient  information  to  calculate  fuel  flow  rate  at 
other  pressure  altitudes  and  temperatures  (using 
known  shaft  horsepower  required). 

2.  Maximum  static  power  available  at  the  design  condi¬ 
tions  and  at  25,000  feet.  This  data  allowed  engine 
power  evaluation  at  design  (e.g.  4000  ft.  and  95 
degrees)  and  hover  ceiling  specifications  (normally 
below  25,000  ft.). 

3.  Alternately,  since  the  data  in  2.  above  is  not 
consistently  available,  an  approximation  of  engine 
power  available  at  nonstandard  conditions  may  be 
made  ([Ref.  10])  using  the  formula: 

SHP  =  [6//9](SHP)  (2.1) 

A  comparison  of  the  performance  predicted  by  this  formula 
versus  actual  data  for  a  sample  engine  is  made  in  Table  I. 

It  can  be  seen  that  this  approximation  becomes  quite  conser¬ 
vative  at  altitudes  near  normal  hover  ceilings.  However, 
the  results  are  very  reasonable  at  the  design  conditions. 

Raw  engine  data  may  also  be  correlated  with  total  rotor 
power  required  (RSHP)  calculations  using  the  following 
formula  [Ref.  1]: 

ESHP  *  1.03-RSHP  +  . 1 • (n-1 ) • RSHP  +  10  (2.2) 

Where  n  is  the  number  of  engines  used. 


15 


TABLE  I 


Analytical  vs.  Actual  Engine  Performance 


20000  ft. 


4000  ft. 


-12  F 


SHP 

Actual 

SHP 

Analytical 

%  Difference 

214 

208 

3 

369 

350 

5 

914 

772 

15 

1000 

891 

11 

1378 

1237 

10 

2070 

1682 

19 

95  F 

SHP 

Actual 

SHP 

Analytical 

%  Difference 

325 

356 

9 

583 

601 

3 

1170 

1325 

13 

1404 

1529 

9 

2055 

2123 

3 

3086 

2888 

6 

A:  T63-A720 
B:  LTS101-750A 
C:  T700-GE700 


D:  T400-CP-400 
E:  T55-L-7 

F:  T55-L-712 


H.  WEIGHT 


Engine  dry  weight  is  normally  provided  with  performance 
data.  However,  an  installed  weight  of  the  engine  offers 
much  more  accurate  weight  estimation  for  power  calculations. 
The  installed  weight  is  defined  here  to  include: 

a.  Lubricant  weight. 


b.  Cooling  system. 

c.  Engine  controls. 

d.  Engine  supports. 

e.  Exhaust  ducting. 

f.  Starting  system. 

Methods  to  accurately  estimate  an  engine's  installed  weight 
were  investigated.  Analysis  of  data  collected  on  current 
helicopter  installed  weights  revealed  that  the  "rule  of 
thumb"  formulae  in  use  in  [Ref.  1]  correctly  predict  weight 
trends.  However,  the  installed  weights  calculated  using  those 
formulae  are  somewhat  low  for  engine  dry  weights  up  to  about 
700  pounds.  Since  this  range  of  engines  includes  approxi¬ 
mately  70  percent  ([Ref.  11])  of  the  helicopters  in  production 
in  the  West,  an  attempt  to  update  the  weight  estimating 
relationship  is  made  here. 

A  search  of  the  literature  revealed  at  least  two  additional 
methods  of  engine  weight  estimation: 

1.  Powerplant  weight  estimation  based  upon  maximum 
horsepower  of  the  engine  [Ref.  12]  using  the 
following  equation: 


130.243  +  . 369Hp 
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2.  Installation  weight  as  a  function  of  engine  dry 

weight  [Ref.  13];  with  the  percentage  of  installa¬ 
tion  weight  increasing  with  engine  dry  weight 
according  to  the  formula: 

»EI  -  •0974(Wed)1-2 

It  was  found  that  method  1  was  based  upon  data  taken  from 
early  model  helicopters  which  does  not  reflect  current  tech¬ 
nology.  Additionally,  the  components  included  in  the  total 
installed  engine  weight  were  inconsistent  between  different 
aircraft  manufacturers.  This  problem  arose  in  the  collec¬ 
tion  of  data  for  this  study  as  well.  As  an  example,  Bell 
Helicopter  Textron  (BHT)  includes  only  residual  fuel  and  oil 
in  the  published  values  of  installed  engine  weight.  Indi¬ 
vidual  component  installation  weight  and  balance  information 
had  to  be  obtained  from  Bell  to  get  data  which  would  be 
consistent  for  comparison  and  analysis. 

Method  2  above  does  not  coincide  with  the  design  trends 
reflected  by  the  U.S.  helicopters  analyzed  in  this  study. 

In  order  to  determine  an  accurate  method  of  estimating 
engine  installed  weight,  a  data  base  of  20  helicopters  was 
collected.  Table  II  depicts  the  aircraft,  engines,  engine 
weights  and  engine  horsepowers  used  for  the  data  base.  The 
helicopters  in  this  table  include  many  of  the  U.S.  military 
rotary  wing  aircraft  currently  operational  [Ref.  14],  [Ref. 
15],  [Ref.  16]. 
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TABLE  II 


Turboshaft  Engine  Data  Base 


Engine  A/C 


T63-A-5A  OH-6 A 

A11-250-C18  Th-57A 

T63-A-720  0H-58C 

T58-GE-8F  UH-2D 

T58-GE-5  S-67 

T58-GE-10  CH-47D 

T700-GE-700  YAH-63 

T700-GE-701  AH-64 

T58-GE-16  CH-46E 


T53-L-703 

T53-L13 

T55-L-7 

T64-GE-16 


CH-46E 
AH-1S 
UH-1H 
CH-47A 
AH- 56 


T400-CP400  UH-1N 

T400-CP400  AH-1J 

T64-GE-6  CH-53A 

T400-WV-402  AH-1T 

T55-L-11D  CH-47C 

T55-L712  CH-47D 

JTFD12A-4A  CH-54A 


Dry  Installed  Military 

Weight  lbs.  Weight  lbs.  SHP  @  SSI 


136.0  175.2  31 
136.0  194.0  31 
158.0  218.0  42 
305.0  403.0  135 
335.0  471.0  150 
340.0  454.0  140 
423.0  547.0  156 
427.0  587.0  169 
430.0  621.0  187 
495.0  607.0  148 
540.0  683.0  140 
580.0  671.0  265 
700.0  969.0  337 
701.0  910.0  180 
701.0  908.0  180 
723.0  881.0  285 
733.0  936.0  197 
735.0  897.0  375 
760.0  925.0  340 


JTFD12A-4A  CH-54A  920.0  1093.0  450 
Several  curve  fitting  techniques  were  applied  to  engine 
weight  criteria  based  upon  three  separate  comparisons: 


I] 


1.  Engine  dry  weight  vs.  installation  weight  as  a 
percentage  of  dry  weight. 

2.  Engine  military  horsepower  available  vs.  total 
installed  weight. 

3.  Engine  dry  weight  vs.  total  installed  weight. 

It  was  found  that  the  best  weight  estimating  relationship 
could  be  obtained  using  comparison  3  with  a  linear  regres¬ 
sion.  The  weight  estimating  relation  is: 

WEI  -  44.684  +  1.193W£D 

For  consistency  with  other  equations  used  for  helicopter 
preliminary  design,  this  formula  is  rounded  to  two  signi- 
f icant  figures : 

»EI  *  «  +  1-2*^,  (2.3) 

This  relationship  yielded  an  R  2  value  of  .9819.  Figure 
1  is  a  plot  of  installed  weight  estimation  based  on 
equation  2.3. 

I.  SELECTION  AND  OPTIMIZATION 

The  engines  at  Appendix  B  are  considered  as  those  which 
are  available  for  the  purposes  of  preliminary  design  selec¬ 
tion  here.  Those  engines  were  selected  for  inclusion  in 
this  study  for  the  following  reasons: 

1.  Currently  in  use  in  military  helicopters  with 
accurate  and  tested  data  available. 

2.  Representative  spectrum  of  shaft  horsepower 
required  in  military  rotorcraft. 

3.  Latest  developments  incorporated  (SFC  and  weight 
especially) . 

4.  Variety  of  manufacturers  [Ref.  7],  [Ref.  17], 

[Ref.  18],  and  [Ref.  19]. 


Helicopter  Engine  Installation  Weight 

for  Helicopters  in  Table  II 
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.1  Engine  Dry  Weight  vs.  Installed  Weight 


2: 


Estimation  using: 
Wr-.*8  45  +  1.2W,- 


Essentially,  an  engine(s)  which  would  fulfill  a  specific 
mission  capability  could  have  been  selected  by  inspection 
almost  at  random  from  this  list  once  power  requirements  were 
determined.  However,  it  seemed  much  more  realistic  to  opti¬ 
mize  the  selection  in  some  way. 

The  most  useful  method  of  selecting  the  "best”  engine(s) 
in  a  preliminary  design  process  appears  to  be  one  in  which 
the  minimum  total  weight  is  obtained  (enabling  the  biggest 
payload,  most  range,  or  most  additional  equipment 
installed).  The  total  weight  includes  the  total  fuel  weight 
required  by  the  engine  to  accomplish  a  specified  mission  as 
well  as  the  installed  weight  of  the  powerplant  itself.  The 
estimation  of  engine  installed  weight  is  made  using  equation 
2.3.  The  total  fuel  required  is  calculated  using  the  mission 
criteria  stated  in  [Ref.  1]: 

Fuel  Wt.  =  ,05Wf<NRP>  +  Wf <eruise>*Range<max>/V<cruise> 

+  .25Wf <V<end>>  +  .05Wf<NRP>  (2.4) 

The  optimum  powerplant  is  then  determined  by  adding  the  fuel 
and  engine(s)  weights  and  using  the  smallest  value  found. 


III.  SOLUTION 


The  calculations  necessary  to  make  the  total  weight 
comparisons  were  initially  done  manually  using  equations  and 
the  mission  profile  from  [Ref.  1].  Then  programs  were 
developed  to  aid  in  the  optimization  process.  Considera¬ 
tions  in  the  development  of  the  computer  programs  are: 

1.  Compatibility  with  previous  work  using  both  a  hand¬ 
held  calculator  and  a  main  frame  computer. 

2.  Reasonable  simplicity  so  that  the  feel  for  the  design 
process  is  not  lost  within  the  computing  machine. 

3.  Flexibility  and  adaptability  (easily  modified  or 
expanded ) . 

4.  Output  of  intermediate  data  required  for  helicopter 
design  (e.g.  fuel  flow  rates)  as  well  as  final 
comparisons. 

5.  Weight  used  as  the  optimization  criteria. 

Three  basic  computer  programs  were  written,  two  for  use 
on  the  HP-41C  and  the  third  for  interactive  use  on  the  IBM 
3033.  All  programs  assume  that  calculations  for  rotor  shaft 
horsepower  required  (RSHP)  can  be  made.  Inputs  required  are 

1.  Engine  SHP  and  SFC  at  three  power  settings  at  sea 
level  standard  day  conditions. 

2.  Pressure  altitude  and  temperature. 

3.  Dry  weight  of  engine. 

4.  Access  to  power  equations:  "Flite"  [Ref.  20],  "Power" 
(Appendix  E),  or  the  Helicopter  Computation  Package 
[Ref.  21]. 


Program  outputs  are: 

1.  Zero  shaft  horsepower  intercept. 

2.  Slope  of  fuel  flow  vs.  ESHP  line. 

3.  Phantom  SHP  [Ref.  22]. 

4.  Fuel  flow  rate  at  desired  RSHP  and  density  altitude 

5.  Total  fuel  weight  for  mission  profile. 

6.  Total  weight  of  fuel  plus  installed  powerplant. 

7.  Recommended  selection  between  two  candidate  power- 
plants  (FORTRAN  program  only). 


IV.  RESULTS 


A.  COMPUTATIONAL  PROGRAMS  AND  DATA 

The  research  and  programming  results  of  this  study  are 
presented  in  Appendices  C  thru  E: 

1.  Appendix  C  contains  the  fuel  flow  characteristics 
and  the  engine  and  mission  fuel  weight  calculation 
programs  for  the  hand-held  calculator.  The  fuel 
and  engine  weight  program  requires  the  user  to 
manually  compare  total  weights  calculated  for  each 
engine  analyzed.  This  procedure  was  followed  to 
save  calculator  register  space.  Also  in  Appendix 
C  are  program  flow  charts  and  sample  problems. 

2.  Appendix  D  contains  the  FORTRAN  engine  optimizer 

as  well  as  the  program  algorithm  and  a  sample  problem. 

3.  Appendix  E  contains  three  supporting  programs  for  use 
with  the  HP-41C  calculator: 

a.  "Power"  which  calculates  the  total  power  required 
for  a  helicopter  in  level  flight.  This  program 
was  developed  to  enable  rapid  calculation  of  fuel 
flow  characteristics  at  varying  conditions  and 
design  parameters.  It  was  found  that  total  power 
calculations  using  existing  programs  for  the 
HP-41C  were  very  cumbersome  to  use  for  the  pur¬ 
pose  of  determining  fuel  flow  and  fuel  weight 
data. 

b.  "VE"  which  computes  the  maximum  endurance  velocity 
for  the  preliminary  design  of  a  helicopter.  This 
program  uses  "POWER"  iteratively  to  achieve  a 
solution  for  maximum  endurance  velocity. 

c.  "VMR"  which  computes  the  maximum  range  velocity 
for  the  preliminary  design  of  a  helicopter.  This 
program  uses  "POWER"  iteratively  to  achieve  a 
solution  for  maximum  range  velocity. 


B.  ACCURACY 


Appendix  F  contains  a  comparison  between  actual  perfor¬ 
mance  for  the  UH-60A  (Blackhawk)  helicopter  [Ref.  23],  and 
the  analytical  results  obtained  by  the  use  of  the  computa¬ 
tional  programs  in  Appendices  C  thru  E.  Tables  XI -XI I I  show 
that  the  analytical  results  obtained  agree  quite  well  with 
actual  helicopter  performance.  Although  only  one  helicopter 
was  used  to  evaluate  the  program  outputs,  an  encouraging 
indication  of  their  accuracy  is  at  least  provided.  However, 
it  can  be  seen  that  at  higher  airspeeds  (especially  at  non¬ 
standard  conditions)  the  analytical  solutions  become 
increasingly  less  exact.  This  is  primarily  a  function  of 
the  basic  nature  of  the  equations  used  to  predict  rotor 
power  required  for  a  preliminary  helicopter  design.  Several 
real  world  conditions  are  not  modeled  by  the  equations  ^‘.g. 
rotor  downwash  on  the  fuselage,  compressibility  effects,  and 
blade  stall).  Such  conditions  result  in  higher  actual  power 
requirements  than  those  predicted  (especially  above  about 
120  knots). 

The  basic  equations  used  to  predict  fuel  flow  rates, 
however,  appear  to  model  actual  conditions  extremely  well. 
Table  XI  shows  consistently  lower  error  for  fuel  flow  rate 
analytical  results  than  for  predicted  engine  shaft  horse¬ 
power  required.  Additionally,  when  the  actual  engine  shaft 
horsepower  required  from  the  operator's  manual  was  used  to 


calculate  fuel  flow  rate,  the  result  was  within  5  percent 
of  chart  values  in  every  case  compared. 


C.  LIMITATIONS 

1.  Modeling  of  required  rotor  power  does  not  include  all 
aerodynamic  effects.  These  limitations  are  discussed 
in  [Ref.  24]. 

2.  Accuracy  at  non-standard  conditions  and  airspeeds 
greater  than  120  knots  is  only  fair;  nonlinearities 
of  the  fuel  flow  lines  are  not  considered. 

3.  Maximum  and  minimum  engine  fuel  flow  rates  are  not 
considered. 

4.  Changes  in  engine  shaft  horsepower  available  with 
temperature  and  altitude  are  not  programmed.  These 
changes  must  be  checked  manually  (see  Appendix  B). 


D.  HP-41C  MEMORY  REQUIREMENTS 

The  programs  listed  in  Table  III  use  a  total  of  239  regis¬ 
ters  of  program  memory.  Size  46  is  required  to  provide 
sufficient  memory  storage  for  all  programs. 

TABLE  III 

PROGRAM  STORAGE  REGISTER  REQUIREMENTS 


Sub.ject  Area 

Engine  fuel  flow 
characteristics 

Mission  fuel  and 
engine  weights 

Total  helicopter 
power  required 

Maximum  endurance 
velocity 

Maximum  range 
velocity 


Program 


Name 

Registers 

FUELFL 

56 

WEIGHT 

30 

POWER 

106 

VE 

22 

VMR 

25 

Subroutine 
Name  Registers 

FUELFL  56 

POWER  106 

POWER  106 


27 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  USEFULNESS  FOR  PRELIMINARY  DESIGN 

The  programs  developed  in  this  study  and  the  equations 
used  in  their  development  appear  to  provide  an  excellent 
basis  upon  which  to  conduct  the  preliminary  design  of  a 
modern  helicopter.  The  use  of  the  programs  requires  a 
reasonable  understanding  of  helicopter  performance  and  the 
user  should  carefully  execute  the  example  problems  to  insure 
understanding  of  the  computational  process.  Since  all  of 
the  programs  developed  here  build  upon  existing  code, 
complexity  has  increased;  hopefully  however,  not  at  the 
expense  of  clarity. 


B .  RECOMMEND AT IONS 

1.  Comparisons  of  analytical  results  with  actual 
performance  data  for  a  number  of  operational  heli¬ 
copters  should  be  conducted.  The  true  applicability 
of  the  equations  and  programs  used  here  can  best  be 
determined  in  this  way. 

2.  UH-60A  operational  data  indicate  that  analytically 
predicted  power  requirements  and  fuel  flow  rates 
could  be  brought  to  within  5-10  percent  accuracy 
simply  by  increasing  the  loss  factor  between  the 
engine  and  the  rotor  by  15  percent.  That  is  by 
letting: 

ESHP  =  ( ( .1*N)  +  1. 18 )*RSHP  +  10 

Such  an  increase  may  better  account  for  power  reduc¬ 
tions  resulting  from  pressure  losses  and  accessories. 
The  validity  of  changing  the  loss  factor  in  this 
manner  needs  to  be  verified  by  making  the  additional 
comparisons  recommended  in  1  above. 
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APPENDIX  A 


DEFINITIONS 

Absolute  Altitude:  The  maximum  altitude  at  which  the  engine 
will  function  properly  under  specified  ram  pressure  ratios. 

Cold  Atmospheric  Conditions:  Cold  atmospheric  air  pressures 
are  given  in  MIL-STD-210.  Cold  atmospheric  air  temperature 
is  -54.3  C  from  sea  level  to  25,500  feet  altitude. 

Cruise  Power:  Most  often  defined  as  75  percent  of  normal 
rated  power,  but  may  be  a  different  percentage,  especially 
in  older  engine  manuals. 

ESHP:  Used  in  this  study  to  specifically  designate  Engine 

Shaft  Horsepower.  However,  this  term  is  also  defined  as 

Equivalent  Shaft  Horsepower  by  engine  manufacturers. 

Equivalent  Shaft  Horsepower  is  a  modified  power  output 

rating  which  includes  jet  thrust: 

Static  ESHP  =  SHP  +  F  /2.5 

n 

Flight  ESHP  =  SHP  +  (F  x  V)/261 
where:  Fn  is  net  jet  thrust  in  pounds. 

V  is  flight  speed  in  knots. 

Gross  Jet  Thrust:  The  thrust  delivered  at  the  exhaust  duct 
exit  as  determined  from  the  product  of  exhaust  gas  mass  flow 
and  velocity,  plus  exhaust  duct  area  times  the  difference 
between  gas  static  pressure  and  ambient  exhaust  pressure. 


Hot  Atmospheric  Conditions:  Hot  atmospheric  air  pressures 
are  given  in  MIL-STD-210.  Hot  atmospheric  temperature  is  55 
C  at  sea  level  and  decreases  at  a  rate  of  .0025  C  per  foot 
of  altitude  to  38,000  feet  altitude. 

Inlet  Air  Distortion:  Steady  state  and  dynamic  inlet  air 

pressure  variations  and  steady  state  temperature  variations 

as  defined  by  Distortion  Indexes  (DI)  of  the  form: 

DI  =  (  P  -  PT  ) 

MEAN  LOW  MEAN 

P? 

MEAN 

DI  =  (  T1  -  T1  ) 

MAX  MEAN 

T1 

■■■MEAN 

Military  Rated  Power:  The  highest  power  at  which  the  engine 
may  be  operated  for  a  30  minute  period  without  special  main¬ 
tenance,  provided  such  operation  is  followed  by  a  return  to 
Normal  Rated  Power  or  lower  power  for  a  specified  time. 

Net  Jet  Thrust:  Gross  Jet  Thrust  minus  the  product  of 
engine  air  mass  flow  and  free  stream  velocity. 

Normal  Rated  Power  (NRP):  The  highest  power  at  which  the 
engine  may  be  operated  continuously  without  restriction 
(other  than  scheduled  maintenance);  also  referred  to  as 
maximum  continuous  power. 

Ram  Efficiency:  The  ratio  of  inlet  air  total  pressure  to 
free  stream  air  total  pressure. 
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Shaft  Horsepower  (SHP):  The  horsepower  delivered  at  the 
output  shaft  of  the  engine. 

Specific  Fuel  Consumption  (SFC):  The  weight  of  fuel 


consumed  by  the  engine  in  pounds  of  fuel  per  hour  per  shaft 
horsepower . 


APPENDIX  B 

ENGINE  SELECTION  DATA 


A.  AVAILABLE  POWER  PLANTS 

The  power  plants  in  Table  IV  are  those  considered  avail 
able  for  preliminary  design  selection. 

TABLE  IV 

Available  Power  Plants 


Engine 


Dry  Weight  Standard  Sea  Level  Performance 


T 

UPS  ) 

anP 

•  A 

158 

420 

* 

(T63-A-720 ) 

N: 

370 

i 

C: 

278 

I  . 

B 

268 

M: 

708 

(LTS101-750A) 

N: 

659 

C: 

494 

C 

423 

M: 

1561 

1 

(T700-GE-700) 

N: 

1318 

C: 

989 

D 

709 

M: 

1800 

(  T400-CP-400 ) 

N: 

1530 

Note:  Dual  engine 

with 

C: 

1148 

single  gear 

box. 

E 

580 

M: 

2500 

(T55-L-7 ) 

N: 

2200 

C: 

1650 

F 

750 

M: 

3400 

(T55-L-712 ) 

N: 

3000 

• 

C: 

2250 

if:  Military  Power 
N :  Normal  Power 

2:  Cruise  Power 

B.  ENGINE  PERFORMANCE  AT  OTHER  THAN  STANDARD  SEA  LEVEL 
CONDITIONS 

The  effects  of  altitude  and  temperature  on  engine 
performance  may  be  approximated  using  the  formula: 

ESHP  =  (<5//9)  (ESHP ) 

Where  6  =  p/pSSL 

9  =  (Absolute  temperature) 

C.  ENGINE  INSTALLED  WEIGHT 

Engine  installed  weight  includes  the  dry  engine(s)  weight 
plus  an  installation  fraction  which  includes:  air  induction 
system,  exhaust  system,  cooling,  controls,  starting  system, 
mounts,  and  residual  fuel  and  oil.  The  total  installed 
weight  may  be  computed  as: 

-  45.  +  1.2- W.„ 


(per  engine) 


APPENDIX  C 


FUEL  FLOW  AND  WEIGHT  COMPUTATION  USING  THE  HP-41C 

This  appendix  contains  the  programs  developed  for  use 
with  the  HP-41C  programmable  calculator.  Two  main  programs 
were  written: 

1.  FUELFL 

a.  Computes  fuel  flow  characteristics  from  engine 
standard  sea  level  performance  data  (SFC  and  SHP). 

b.  Computes  fuel  flow  rate  for  an  input  value  of 
rotor  shaft  horsepower  required. 

2.  WEIGHT 

a.  Computes  estimated  engine  installed  weight. 

b.  Requires  prior  execution  of  "FUELFL"  to  compute 
fuel  flow  rates. 

c.  Computes  total  weight  of  installed  engine  and  fuel 
for  a  design  mission  profile. 

Both  programs  are  designed  to  accept  direct  user  input  of 

required  rotor  power  or  to  accept  a  user  specified  forward 

velocity  and  calculate  total  rotor  power  required  using  the 

program  "POWER"  in  Appendix  E.  "POWER"  was  developed  to 

enable  rapid  calculation  of  total  power  required  at  any 

forward  velocity  (or  hover)  for  use  in  the  above  programs 

as  well  as  for  calculation  of  maximum  endurance  velocity 

and  maximum  range  velocity  (Appendix  E). 


FUELFL 


1 .  Purpose 

This  program  computes  the  fuel  flow  rate  for  a  specific 
engine  for  input  values  of  altitude  (up  to  36,000  feet), 
temperature  and  rotor  shaft  horsepower  required.  The 
user  must  input  engine  performance  data  at  military,  normal, 
and  cruise  power  settings  at  sea  level  from  manufacturer's 
specifications.  The  program  incorporates  an  increase  by  5 
percent  of  specification  fuel  consumption  in  accordance  with 
accepted  military  design  criteria. 

"FUELFL"  is  designed  with  two  subroutines  which  allow 
calculation  of  fuel  flow  rates  at  varying  operating  condi¬ 
tions  after  one  initial  entry  of  engine  performance  data. 
They  are: 

a.  "FF"  which  computes  the  fuel  flow  rate  for  an  input 
value  of  rotor  shaft  horsepower  required  (or  velocity 
if  "POWER"  is  used).  This  subroutine  converts  rotor 
power  into  engine  power  by  adding  power  losses  in  the 
transmission  and  drive  train  as  well  as  power  consumed 
by  accessories. 

b.  "OPCON"  which  contains  "FF"  but  which  also  prompts  for 
current  environmental  operating  conditions. 

If  "POWER"  is  to  be  used  to  calculate  rotor  shaft  horsepower 

required,  it  must  be  run  first  so  that  design  data  for  a 

specific  helicopter  may  be  calculated  and  stored. 

The  fuel  flow  characteristics  calculated  and  displayed 
are  as  follows: 
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Explanation : 


i  -- *— j- 


Display: 


BETA  * 


ALPHA  = 


ZHI  = 


PSHP  = 


WF  = 


2.  Equations 


Average  slope  of  fuel  flow  line. 

Zero  horsepower  intercept  per 
engine  at  standard  sea  level 
conditions . 

Zero  horsepower  intercept  per 
engine  at  operating  conditions. 

Zero  velocity  horsepower  (Phantom 
SHP ) . 

Fuel  flow  rate  (lb/hr). 


SFCi  =  (SFCi  +  .05  x  SFCi)  i  =  M,  N,  C 


(5%  increase) 


Wf  =  SFCi  x  SHP^ 

Wf  -  Wf  Wf  ‘  Wf  Wf  Wf 

-  fM  fN  M  C  +  N  -  c  „  .  ^ 

6  -  SHPm  -  SHPn  SHPm  -  SHPC  SHPn  -  SHPC  • 
a  -  |S  (SHP.,  +  SHP„  +  SHPr)  -  (Wf  +  Wf  +  W  )|  f  3 


5  =  P/p__T  =  [1  -  (h  x  6.8754.x  10’6)]5*256 
ooJL  P 


\T/t  SSL 


59.688 

.688 


ZHI  =  a(S/9) 


PSHP  =  11  (  a1*-1  )  AND  ESHP  =  1.03(RSHP)  +  .  l(n-l )  (RSHP)  +  10 


Wf  =  [PSHP  +  ESHP]  3 


where : 


is  specific  fuel  consumption  (lb/hr/shp) 
is  shaft  horsepower  of  the  engine 
is  fuel  flow  rate  (lb/hr) 

is  the  average  slope  of  the  fuel  flow  line 
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a 

6 

P 

PSSL 

hp 

0 

T 

ZHI 

n 

PSHP 

ESHP 


is  the  zero  horsepower  increment  for  one  engine 
at  standard  sea  level  conditions 

is  the  ratio  of  pressure  to  standard  sea  level 
pressure 

is  atmospheric  pressure  at  operating  conditions  (psi) 
is  standard  sea  level  atmospheric  pressure  (psi) 
is  pressure  altitude  (ft) 

is  the  ratio  of  temperature  to  standard  sea  level 
temperature  (absolute) 

is  temperature  in  degrees  F 

is  the  zero  horsepower  increment  at  input  conditions 
is  the  number  of  engines 

is  the  zero  velocity  horsepower  (Phantom  SHP) 
is  the  engine  shaft  horsepower  required 
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4.  Example  Problem  and  User  Instructions 

Find  the  fuel  flow  rate  for  a  helicopter  under  the 
following  conditions: 

Engine  Data  Operating  conditions: 


SHP 

SFC 

Military 

1561 

.460 

Standard  Sea  Level 

Normal 

1310 

.470 

PA  =  0 

Cruise 

989 

.510 

T  =  59  F 

Two  engines  (N  =  2) 

a.  Assume  "POWER"  will  not  be  used: 
RSHP  =  500  hp 


Keystrokes : 

Display : 

(XEQ)  (ALPHA)  FUELFL  (ALPHA) 

SFC-M? 

0.460  (R/S) 

SHP-M? 

1561  (R/S) 

SFC-N? 

0.470  (R/S) 

SHP-N? 

1310  (R/S) 

SFC-C? 

0.510  (R/S) 

SHP-C? 

989  (R/S) 

B  =  0.3948 

(R/S) 

ALPHA  =  135.32 

(R/S) 

PA=? 

0  (R/S) 

T(F)=? 

59  (R/S) 

ZHI  =  135.32 

(R/S) 

N=? 

2  (R/S) 

PSHP  =  685.46 

(R/S) 

POWER? 

0  (R/S) 


RSHP=? 


500  (R/S) 


WF  -  497.68 


Now  use  "FF"  to  compute  the  fuel  flow  rate  for  the  same 
engine  at  the  same  altitude  and  temperature  but  with: 
RSHP  =  700  shp 


Keystrokes:  Display: 

(XEQ)  (ALPHA)  FF  (ALPHA)  POWER? 


0  (R/S) 


RSHP=? 


700  (R/S) 


WF  =  586.91 


Now  use  "OPCON"  to  compute  the  fuel  flow  rate  for  the  same 
engine  at : 

PA  =  4000  ft 
T  =  95  F 


RSHP  =  700  shp 


Keystrokes: 

Display : 

(XEQ)  (ALPHA)  OPCON  (ALPHA) 

PA.  FT.? 

4000  (R/S) 

T  <F>? 

95  (R/S) 

ZHI  =  120.86 

(R/S) 

N=? 

2  (R/S) 

PSHP  =  612.20 

(R/S) 

POWER? 

0  (R/S) 

RSHP=? 

700  (R/S) 

WF  =  557.99 

b.  If  "POWER"  is  loaded  and  executed  using  the  sample 
helicopter  design  data  included  as  an  example  with 
the  "POWER"  user  instructions,  run  "FUELFL"  again 
with  the  same  engines  and  operating  conditions  but 
with: 

VF  =  95  kts 
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Keystrokes : 

(XEQ)  (ALPHA)  FUELFL  (ALPHA) 
0.460  (R/S) 

1561  (R/S) 

0.470  (R/S) 

1310  (R/S) 

0.510  (R/S) 

989  (R/S) 

(R/S) 

(R/S) 

0  (R/S) 

59  (R/S) 

(R/S) 

2  (R/S) 

(R/S) 

1  (R/S) 

0  (R/S) 

59  (R/S) 

95  (R/S) 

(R/S) 

(R/S) 


Display : 

SFC-M? 

SHP-M? 

SFC-N? 

SHP-N? 

SFC-C? 

SHP-C? 

B  =  0.3948 
ALPHA  ■  135.32 
PA=? 

T(F)=? 

ZHI  =  135.32 
N=? 

PSHP  =  685.46 
POWER? 

PA=? 

T<F>=? 

VF=? 

PT  =  499.17 
PT  =  499.17 
WF  =  497.31 

the  user  is  prompted  for  PA  and 


Note:  When  "POWER"  is  used 
T  twice.  This  is  to  insure  that  both  engine  performance  and 
rotor  power  required  are  computed  at  the  same  atmospheric 


conditions 


Now  use  "FF"  to  compute  the  fuel  flow  rate  for  the  same 
engine  at  the  same  altitude  and  temperature  but  with 


VF  =  120  kts 

Keystrokes: 

Display : 

(XEQ)  (ALPHA)  FF  (ALPHA) 

POWER? 

1  (R/S) 

PA=? 

0  (R/S) 

T<F>=? 

59  (R/S) 

VF=? 

120  (R/S) 

PT  -  706.50 

(R/S) 

PT  =  706.50 

(R/S) 

WF  =  589.82 

Now  use  "OPCON"  to  compute  the 

fuel  flow  rate  for 

engine  at : 

PA  =  4000  ft 

T  =  95  F 

VF  =  120  Kts 

Keystrokes: 

Display : 

(XEQ)  (ALPHA)  OPCON  (ALPHA) 

PA.  FT.? 

4000  (R/S) 

T<F>? 

95  (R/S) 

ZHI  =  120.86 

(R/S) 

N=? 

2  (R/S) 

PSHP  =  612.20 

(R/S) 

POWER? 

1  (R/S) 

PA-? 

4000  (R/S) 

T<F>=? 

95  (R/S) 

VF=? 
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PT  *  S34.12 


120  (R/S) 

(R/S)  PT  =  634.12 

(R/S)  WF  =  528.60 

5.  Programs  and  Subroutines  Used 
"FUELFL" 

"OPCON" 

"PRATIO" 

"TRATI0" 


6.  Storage  Register  Utilization 

Table  V  shows  specific  storage  register  contents 


TABLE  V 


FUELFL  Storage  Register  Utilization 


Storage 

Register 

00 

Stored  Quantity 
blank  -  used  for  computations 

01 

SFC„-  specific  fuel  consumption  at  military 
power  at  sea  level  ( lb/hr /hp) 

02 

SHP  -  shaft  horsepower  output  at  military 
power  at  sea  level  (hp) 

03 

SFCN-  specific  fuel  consumption  at  normal 
power  at  sea  level  (lb/hr/hp) 

04 

SHP„-  shaft  horsepower  output  at  normal 
power  at  sea  level  (hp) 

05 

SFC--  specific  fuel  consumption  at  cruise 
power  at  sea  level  (lb/hr/hp) 

06 

SHPr-  shaft  horsepower  output  at  cruise 
power  at  sea  level  (hp) 

07 

W„  -  fuel  flow  rate  at  sea  level  military 

XM  power  with  5%  increase  (lb/hr) 

08 

Wf  -  fuel  flow  rate  at  sea  level  normal 

XN  power  with  5%  increase  (lb/hr) 

09 

Wf  -  fuel  flow  rate  at  sea  level  cruise 
c  power  with  5%  increase  (lb /hr) 

10-37 

-  used  by  program  "POWER" 

38 

B  -  average  slope  of  the  fuel  flow  line 

39 

a  -  average  zero  horsepower  intercept  at 

standard  sea  level  conditions  (lb/hr) 

40 

n  -  number  of  engines  in  the  helicopter 

41 

PSHP  -  zero  velocity  shaft  horsepower 
(phantom  shp) 

Program  Listings 


0 i ♦LBL  -FUEl.fi* 

51  CLX 

02  -SFC-H?* 

52  RCL  87 

93  PROMPT 

53  RCL  09 

04  STO  01 

54  - 

85  .05 

55  RCL  02 

06  * 

56  RCL  86 

07  ST+  01 

57  - 

08  “SHP-M?” 

53  / 

09  PROMPT 

59  ABS 

18  STO  92 

68  ST+  38 

11  “SFC-H?" 

61  CLX 

12  PROMPT 

62  RCL  88 

13  STO  03 

63  RCL  09 

14  .05 

64  - 

15  * 

65  RCL  84 

16  ST*  03 

66  RCL  06 

17  -SHP-N?- 

67  - 

13  PROMPT 

68  / 

19  STO  04 

69  ABS 

20  -SFC-C^- 

70  ST+  38 

21  PROMPT 

71  3 

22  STO  95 

72  ST/  38 

23  .05 

73  RCL  38 

24  * 

74  FIX  * 

25  ST+  05 

75  -B=* 

26  -SHP-C?" 

76  ARCL  X 

27  PROMPT 

77  AVIEH 

28  STO  06 

73  STOP 

29  RCl  01 

7?  FIX  2 

38  RCL  02 

38  RCL  02 

31  * 

81  * 

32  STO  07 

32  CHS 

33  RCL  83 

83  RCL  37 

34  RCL  04 

34  * 

35  * 

85  STO  39 

36  STO  98 

86  CLX 

37  RCL  85 

37  RCL  33 

38  RCL  86 

88  RCL  8* 

39  * 

89  * 

48  STO  09 

90  CHS 

41  CLX 

91  RCL  88 

42  RCL  87 

92  ♦ 

43  RCL  98 

93  ST+  39 

44  - 

94  CLX 

45  RCL  02 

95  RCL  38 

46  RCL  84 

96  RCL  86 

47  - 

97  » 

48  / 

98  CHS 

49  flBS 

99  RCL  89 

50  STO  38 

100  + 

181  ST+  39 

151  AVI EH 

182  3 

152  STOP 

183  ST/  39 

153  CLX 

184  RCL  39 

154*LBL  *FF 

185  CLA 

155  FS?  93 

186  'ALPHAS' 

156  GTO  82 

187  ARCL  X 

157  -POWER? 

188  AVI EH 

158  PROMPT 

189  STOP 

159  X=8’ 

U8«IBL  -OPCOH* 

168  GTO  81 

lll^LBL  'PRATIO* 

161  XEQ  'DA 

112  'P.A.  FT?* 

162  GTO  82 

113  PROMPT 

163H.BL  81 

114  6.3754  £-6 

164  *R$HP= 

115  * 

165  PROMPT 

116  CHS 

166  GTO  03 

117  t 

167M.8L  82 

118  + 

168  RCL  37 

119  EHTERt 

169*LBL  03 

128  5.256 

178  RCL  48 

12!  YtX 

171  1 

122  STO  82 

172  - 

123*LBL  "TRATIO" 

173  .1  , 

124  *T  <F>?* 

174  * 

125  PROMPT 

175  1.03 

126  459.638 

276  + 

127  + 

177  * 

128  513.633 

173  !8 

129  / 

179  + 

138  SORT 

180  RCL  41 

131  STO  83 

131  + 

132  RCL  39 

182  RCL  33 

133  RCL  82 

183  * 

134  * 

184  CL A 

135  RCL  03 

185  *HF=* 

136  * 

186  ARCL  X 

137  ”2HI=“ 

187  AVI EH 

138  ARCL  X 

188  EHD 

139  AVI EH 

148  STOP 

141  RCL  38 

142  / 

143  *H=?* 

144  PROMPT 

145  STO  48 

146  ♦ 

147  STO  41 

148  CL A 

149  *PSHPs* 

158  ARCL  X 
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WEIGHT 


1 .  Purpose 

This  program  computes  the  estimated  total  weight  of  an 
installed  engine  plus  the  weight  of  fuel  consumed  for  a 
design  mission  profile  by  a  helicopter  with  that  engine(s) 
installed.  The  fuel  weight  calculation  requires  computation 
of  maximum  endurance  velocity  and  the  power  associated  with 
operation  at  both  cruise  and  maximum  endurance  velocities. 
The  program  offers  the  option  of  direct  input  of  rotor  shaft 
horsepower  required  (previously  computed  by  the  user)  or  the 
use  of  program  "POWER"  to  calculate  the  required  power  using 
a  velocity  input .  The  user  must  already  have  determined  the 
maximum  endurance  velocity  in  either  case.  Program  "VE"  can 
be  used  in  conjunction  with  "POWER"  for  this  purpose.  If 
"POWER"  is  to  be  used,  it  must  be  executed  first  so  that 
geometric  data  for  the  helicopter  may  be  calculated. 

"WEIGHT"  enters  program  "POWER"  at  subroutine  "DA"  so  that 
the  correct  altitude  and  temperature  for  the  design  may  be 
selected  as  well  as  to  save  computation  time.  "WEIGHT"  also 
utilizes  subroutine  "OPCON"  from  program  "FUELFL"  to  calcu¬ 
late  fuel  flow  rates.  The  calculated  values  are  displayed 
as  follows: 

Display:  Explanation: 

WEI  =  Weight  of  engine-installed  (lb) 

FL  WT  =  Fuel  weight  for  mission  (lb) 
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WTT 


Total  weight  of  installed 
engine  plus  mission  fuel  (lb) 


2.  Equations 
WEI  45  *  1,2  WED 

"tf  -  -05  *f<NRP>  +  ^p^°E  <Wf<VCRBISE>> 

+  .25  W.<V„.m>  +  .05  W„<NRP> 
f  END  f 

Wtt  *  WEI  +  Wtf 


Wf  =  (PSHP  +  ESHP)8 


where : 


W. 


ED 


W 


El 


W 


tf 


W 


tt 


CRUISE 

PSHP 


Wf<NRP> 


Wf<VCRUISE> 


W<W 


Wf 

ESHP 


is  the  engine  dry  weight  (lb) 

is  the  engine  installed  weight  (estimated)  (lb) 

is  the  total  fuel  weight  for  the  mission 

is  the  total  weight  of  installed  engine  plus 
mission  fuel  (lb) 

is  the  specification  cruise  velocity  (KTS ) 

is  the  shaft  horsepower  required  at  zero 
velocity  (phantom  shp) 

is  the  fuel  flow  rate  of  the  engine  at  normal 
rated  power  (lb /hr) 

is  the  fuel  flow  rate  of  the  engine  at  cruise 
velocity  (lb /hr) 

is  the  fuel  flow  rate  of  the  engine  at  maximum 
endurance  velocity  (Ib/hr) 

is  fuel  flow  rate  (general)  (lb/hr) 

is  engine  shaft  horsepower  (hp) 

is  the  slope  of  the  fuel  flow  line  for  the 
engine 


Flowchart 


I  Display  Hu  1 
1  Prompt  for  Range  I 


Prompt  for  cruise  velocity  (lets)  ;  store  in  R*o 


Compute  cruise  time;  store  in  Roi 


Convert  v-crus  in  Rza  to  ft/sec 


'  Is  n 
POSER 


•POSER* 


•OPCOH* 


Compute  cruise  fuel 
weight  store  in  Roi 


Prompt  for  V<end>  (kts) 
Convert  V<end>  to  ft/sec; 
Store  in  Rzo 


Prompt  for  P<crus> 


store  in  Rn 


'OPCON' 


Compute  cruise  fuel 
weight  store  in  R« 


Prompt  for  P<ena>; 
Store  in  Ryy 


Xeq  'Pi'  to  get  P<end> 


'PP*  for  mar-end  fuel  flow  rate 


Compute  fuel  weight  for  max-ead  flight  segment; 
_ _ add  to  Bo< _ 


Ccapute  fuel  flow  for  normal  rated  power  (NBP) 


Compute  fuel  wexght  tor  <NBP>  flight  segment 
‘  ■  “  *  '  fuel  wt ..»« 


add  to  B«»;  Hoi  now  contains  total  fuel  w 


4.  Example  Problem  and  User  Instructions 


Find  the  total  weight  of  the  installed  engine  plus  fuel 
weight  for  the  preliminary  design  of  a  helicopter  under  the 
following  conditions: 


WED  =  400  lb 


Operating  Conditions 


Range  =  350  nm  PA  =  0 

V<crus>  =  100  kts;  P<crus>  =  531.87  shp  T  =  59  F 

V<end>  =  58  kts;  P<end>  =  383.42  shp 

Note:  If  it  has  not  already  been  done,  execute  program 

"FUELFL"  now  using  the  engine  data  included  with  the  "FUELFL" 
sample  problem. 

a.  Asstime  "POWER"  will  not  be  used: 

Keystrokes:  Display: 


(XEQ)  (ALPHA)  WEIGHT  (ALPHA) 
400  (R/S) 

(R/S) 

350  (R/S) 

100  (R/S) 

0  (R/S) 

531.87  (R/S) 

0  (R/S) 

59  (R/S) 

(R/S) 

2  (R/S) 

(R/S) 


WED=? 

WEI  *  525.0 

RANGE=? 

V<CRUS>=? 

POWER? 

P<CRUS>=? 

PA  FT  ? 

T(F)  ? 

ZHI  =  135.2 
N  =  ? 

PSHP  =  685.46 
WF  =  511.90 
P<END>=? 


383.42  (R/S) 


WF  =  445.67 


FL  WT  =  1930.37 

(R/S)  WTT  =  2980.37 

b.  If  "POWER"  is  loaded  and  executed  using  the  sample 
helicopter  design  data  included  as  an  example  with 
the  "POWER"  user  instructions,  run  "WEIGHT"  again 
with  the  same  engines  and  operating  conditions. 


Keystrokes : 


(XEQ)  (ALPHA)  WEIGHT  (ALPHA) 

400  (R/S) 

(R/S) 

350  (R/S) 

100  (R/S) 

1  (R/S) 

0  (R/S) 

59  (R/S) 

0  (R/S) 

59  (R/S) 

(R/S) 

2  (R/S) 

(R/S) 

58(R/S) 

(R/S) 

5.  Programs  and  Subroutines  Used 


WED=? 

WEI  =  525.0 
RANGE=? 

V-CRUS=? 

POWER? 

PA=? 

T(F)=? 

PA  FT,  ? 

T(F)  ? 

ZHI  »  135.2 
N  =  ? 

PSHP  =  685.46 
WF  =  511.90 
V<END>=? 

WF  =  445.67 
FL  WT  =  1930.36 
WTT  =  2980.36 


"FUELFL"  (entered  at  subroutine  "OPCON"  or  "FF") 
"POWER"  (OPTIONAL) 


Storage 

Register 

01 


02 


03 


Stored  Quantity 

W. -  -  total  fuel  weight  for  mission  profile 
f  (lb) 

6  -  ratio  of  pressure  to  standard  sea 

level  pressure 

/9  -  square  root  of  the  ratio  of  absolute 

temperature  to  SSL  absolute  tempera¬ 
ture 
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-  estimated  engine  installed  weight 
EI  (lb) 


7.  Program  Listings 


01  *181  ‘WEIGHT 
82  SF  83 
03  *WED=?- 
04  PROMPT 
05  1.2 
00  * 

87  45 
08  + 

09  STO  42 
18  *WEI=- 

11  ARCL  X 

12  AVIEW 

13  STOP 

14  "RANGE?" 

15  PPOHPT 

lb  "V-CRUS?" 

17  PROMPT 

18  STO  20 

19  / 

20  STO  91 

21  1.68889 

22  ST*  28 

23  "POWER?" 

24  PROMPT 

25  X=0? 

26  GTO  01 

27  XEQ  -DA- 

28  XEQ  -0PC0N- 

29  PSE 

38  RCL  81 

31  * 

32  STO  01 

33  -V-END?* 

34  PROMPT 

35  1.68889 

36  * 

37  STO  28 

38  XEQ  -PI* 

39  GTO  82 
40HBL  81 

41  -P<CRUS>?- 


42  PROMPT 

43  STO  37 

44  XEQ  -OPCQN 

45  PSE 

46  RCL  81 

47  * 

48  STO  81 

49  -P<EHD>?- 
58  PROMPT 

51  STO  37 
52*L8L  82 

53  XEQ  -FF- 

54  PSE 

55  .25 

56  * 

57  ST+  81 

58  RCL  84 

59  RCL  48 

60  * 

61  RCL  41 

62  * 

63  RCL  38 

64  * 

65  .1 

66  * 

67  3T+  8! 

68  CF  03 

69  RCL  81 
78  -FL  HT=" 

71  ARCL  X 

72  AVI EH 

73  STOP 

74  RCL  42 

75  RCL  48 

76  * 

77  + 

78  -WTT=- 

79  ARCL  X 
38  AVI EH 
31  END 
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APPENDIX  D 


FORTRAN  ENGINE  OPTIMIZER 

This  appendix  contains  an  interactive  computer  program 
written  to  optimize  the  selection  of  a  turboshaft  engine  for 
the  preliminary  design  of  a  helicopter.  The  program  is 
written  in  FORTRAN  and  implemented  on  the  IBM  3033  computer. 
Optimization  is  accomplished  by  the  selection  of  the  power- 
plant  which  results  in  the  minimum  total  weight  of  installed 
engine(s)  and  fuel  for  a  specific  mission  profile.  The 
mission  profile  used  for  calculation  of  fuel  weight  is  taken 
from  the  Helicopter  Design  Manual  by  Stephen  G.  Kee  [Ref.  1] 
and  represents  a  typical  design  flight  profile.  Computation 
of  fuel  flow  characteristics  is  based  upon  equations  developed 
in  Chapter  14  of  [Ref.  22]  but  also  include  a  5  percent 
increase  in  the  engine  manufacturer's  published  fuel  flow 
data.  This  procedure  coincides  with  preliminary  design 
criteria  established  for  military  helicopters  [Ref.  2]. 

The  program  uses  data  which  must  first  be  generated  by 
the  user  using  the  Helicopter  Power  Computation  Package 
[Ref.  21].  This  data  provides  rotor  shaft  horsepower 
required  for  the  specific  helicopter  being  designed. 

This  program  accomplishes  the  same  results  as  the 
programs  developed  for  use  on  the  hand-held  calculator 


(Appendix  C),  but  it  has  three  main  advantages  over  those 
programs : 

1.  Much  less  computation  time. 

2 .  Neat ,  hard  copy  output . 

3.  Up  to  five  engines  may  be  compared  and  an  optimum 
engine  selected. 

A.  PURPOSE 

The  program  allows  the  user  to  rapidly  calculate  the 
fuel  flow  rate  of  an  engine  (or  engines)  for  any  power 
setting  (or  velocity  from  hover  to  maximum  velocity) 
desired,  at  any  temperature  and  altitude  up  to  36,000  feet. 
The  only  engine  performance  data  required  from  the  user  for 
these  calculations  are  the  sta.-iard  sea  level  shaft  horse¬ 
power  available  and  fuel  consumption  at  military,  normal, 
and  cruise  power  settings  (Appendix  B).  The  program  also 
provides  a  method  of  engine  selection  based  upon  weight  of 
installed  engine  and  mission  fuel.  This  optimization  may 
then  be  used  in  conjunction  with  cost  analysis  to  make  a 
final  selection  of  the  powerplant  to  be  used  in  the  design. 

B.  INPUT  REQUIRED 

1.  Specific  fuel  consumption  and  engine  shaft  horsepower 
available  at  standard  sea  level  conditions  at  normal, 
military,  and  cruise  power  settings. 

2.  Manufacturer's  engine  dry  weight  in  pounds. 

3.  Pressure  altitude  in  feet  and  temperature  in  degrees 
fahrenheit . 

4.  Number  of  engines  to  be  used  in  the  helicopter  design 


5.  Required  rotor  shaft  horsepower  (RSHP)  or  velocity 
in  knots  for  the  RSHP  at  which  the  fuel  flow  rate 
is  to  be  computed. 

6.  Design  maximum  range. 

7.  Design  cruise  velocity. 

C.  OUTPUT 

See  sample  problem  data  output.  Note:  SFC  are  increased 
by  5  percent  in  the  output  data. 

D.  EXAMPLE  PROBLEM  AND  USER  INSTRUCTIONS 

1.  Input  the  basic  helicopter  design  parameters  using 
EXEC  "UPLINK"  (use  of  this  EXEC  file  is  quite  simple 
and  is  explained  in  detail  in  [Ref.  21]).  For  this 
example  use  the  following  design  parameters: 

Main  Rotor  Tail  Rotor  Aircraft 

C  =  1.5  ft  C  =  0.50  ft  L<tail>  *  23.50  ft 

R  -  20.0  ft  R  *  3.00  ft  W<gross>  =  7,000  lbs 

b  =  4  b  -  2  F.P.A.(FF)  =  21.2 

CdO  =0.01  CdO  =  0.014  Vmax  -  120  kts 

RPM  ■  296  RPM  =  1332 

Environmental:  PA  =  4000  ft 

T  =  95  F  (design  conditions) 

The  above  procedure  results  in  the  creation  of  file 
"HPWRPIP  DATA"  on  the  user's  disk.  This  file  contains 
rotor  power  requirements  in  level  flight  for  the  helicop¬ 
ter  being  designed. 

2.  From  CMS  run  program  "FUELFL0"  FORTRAN  by  typing: 

Global  Txtlib  Fortmod2  Mod2eeh  Nonimsl 

Load  FUELFL0  (START 


60 


Note:  No  file  definitions  (FILEDEF)  are  necessary,  the 

program  defines  read  and  write  files  internally. 

3.  Respond  to  interactive  prompts  written  on  the 
terminal  screen.  Use  the  following  data: 


-  Engine  1  - 

SHP 

SFC 

Military 

1561 

.46 

Normal 

1310 

.47 

Cruise 

989 

.51 

Dry  Weight:  423  lb 
Pressure  altitude:  4000  ft 
Temperature:  95  F 

Number  of  engines  in  powerplant,  N:  2 
Select  the  velocity  option  (option  2)  for  determination  of 
Rotor  Shaft  Horsepower  Required  (RSHP)  for  the  fuel  flow 
rate  calculation;  then  use: 

Velocity:  75  kts 

Select  "N"  to  skip  computation  for  different  conditions 
or  engine. 

Select  "Y"  to  compute  the  mission  fuel  weight;  use: 

Range :  350  nm 

Cruise  Velocity:  100  kts 

Select  "Y"  to  compare  a  second  engine;  use  the  following 


-  Engine  2  - 

SHP 

SFC 

Military 

1561 

.46 

Normal 

1310 

.47 

Cruise 

1000 

.55 

Dry  Weight:  375  lb 

Number  of  engines  in  powerplant,  N:  2 
Select  "N"  (No)  to  skip  additional  engine  comparison.  The 
optimum  engine  selection  will  be  displayed  and  the  program 
terminated. 

4.  Hard  copy  results  will  be  available  in  file  "FUELFLO 
DATA"  which  is  created  by  the  program  onto  the  user's 
disk.  A  copy  of  this  file  is  presented  in  paragraph 
F  below. 

E.  ALGORITHM 
Algorithm  FUELFLO 

Read  helicopter  design  and  power  required  data 
Assign  engine  number 
Write  user  instructions 
Prompt  for  engine  data 

Prompt  for  engine  SSL  performance  characteristics 
Check  SFC  <  1.0 

Reenter  SFC  if  not  <  1.0 
Check  SHP  >  1.0 

Reenter  SHP  if  not  >  1.0 


Prompt  for  engine  dry  weight 


Calculate  slope  of  fuel  flow  line  and  the  zero  horsepower 
increment  (SSL) 

Call  subroutine  FUELSL 
Output  engine  SSL  data 
Do  if  J  *  1 

Input  PA  and  T 

Calculate  pressure  and  temperature  ratios 

Call  PRAT 10 
Call  TRATIO 

End  Do 

Input  number  of  engines  to  be  used  in  the  helicopter 
Calculate  zero  horsepower  intercept  at  operating  conditions 
Call  ZHIALT 

Calculate  the  zero  velocity  horsepower  (Phantom  SHP)  at 
operating  conditions. 

Call  ZVHP 
If  J  -  1 

Input  rotor  power  requirement 
RSHP  directly 
Else 

Velocity  at  which  RSHP  desired 

Check  that  PA  and  T  are  the  same  for  power 
calculations  as  those  at  which  the  engine  is 
being  evaluated;  if  not  print  a  caution  message 


Get  RSHP  from  "HPWRPIP  DATA" 


Else  use  power  required  entered  for  engine  1 
Calculate  fuel  flow  rate  at  operating  conditions 
Call  FLO ALT 
Output  fuel  flow  data 

Give  options  for  doing  additional  fuel  flow  calculations 
If  desired,  calculate  fuel  flow  rate  with  different 
PA  and  T 

If  desired,  calculate  fuel  flow  rate  with  a  different 
engine 

Calculate  fuel  weight  for  the  mission  profile 
If  J  =  1 

Input  design  maximum  range 
Input  design  cruise  velocity 
Else  use  range  and  cruise  velocity  previously  entered 
Read  cruise  power  required  from  "HPWRPIP  DATA" 
Calculate  maximum  endurance  velocity  and  rotor  power 
required 

Call  MAXEND 

Calculate  the  zero  horsepower  intercept  at  the  condi¬ 
tions  used  for  power  required  calculations 
Call  PRATIO 
Call  TRATIO 
Call  ZHIALT 

Calculate  the  zero  velocity  shaft  horsepower  (phantom 
SHP) 


Call  ZVSHP 


Calculate  fuel  flow  rates  at  cruise  and  maximum 
endurance  velocities  and  at  normal  rated  power 
Compute  fuel  flow  rate  using  normal  rated 
power  required 

Call  FLOALT  using  cruise  power  required 
Call  FLOALT  using  max  endurance  power  required 
Calculate  total  fuel  weight 
Call  FUELW8  (Fuelwt) 

Calculate  estimated  installed  engine  weight 
Call  ENGWT  (W£I) 

Calculate  total  weight  of  powerplant  plus  mission 
fuel 

Wtt  *  n(W£I)  +  Fuelwt 
Output  mission  profile  data 
If  J<5 

Give  option  to  try  another  engine 
If  yes 

Return  above  and  prompt  for  engine  data 
Run  through  program  again 
Else  continue 

If  J>1 

Determine  the  powerplant  with  the  minimum  total 

weight  of  engines  plus  fuel 

Output  recommendation  for  engine  selection 

End  FUELFLO 


PROGRAM  RESULTS 


************  engine  fuel  FLOW  AND  OPTIMIZATION 


- ENGINE  1  DATA 

SHP 

MILITARY  1561.00 

NORMAL  1310.00 

CRUISE  989.00 


DRY  WEIGHT:  423.0  IES 

BETA:  0.3948 

ALPHA:  135.32  LB/HR 


SEC 

0.4830 

0.4935 

0.5355 


-  FOEL  ELOW  RATE  - 

PA:  4000.0  FT  N:  2 

TEMP:  95.0  F  ' PSHP: 

ZHI:  120.86  LB/HR  RSHP: 

FOEL  FLOW  RATE:  417.76  IB/HR 


-  mission  profile 

PA:  4000.  FT 

MAX  RANGE:  350.  00  N M 

CRUISE  VBL :  100  KTS 

MAX  END  VEL:  65  KTS 

INSTALLED  ENGINE  WEIGHT  <EA>:  552.60  LB 

FUEL  WEIGHT:  1326.80  LB 

WEIGHT  OF  INSTALLED  PCWEFPL ANT  1  AND  FUEL: 


CONDITIONS - 

TEMP: 

CRUISE  PW 3  REQD: 
MAX  END  PWR  REQD: 


************ 


612.21  SHP 
385.70  SHP 

95.  F 

471.20  SHP 
377.30  SHP 

2932.00  LB 


-  ENGINE  2  DATA 

SHP 

MILITARY  1561.00 

NORMAL  1310. CO 

CRUISE  1000.00 


DRY  HEIGHT:  375.0  LES 

BETA:  0.3218 

ALPHA:  244.14  LB/HR 


SEC 
0.4830 
0.4935 
0 . 577  5 


- fUEL  FLO H  RATE - 

PA:  4000.0  FT  N:  2 

TEMP:  95.0  P  PSHP: 

2HI:  218.05  LB/HR  RSHP: 

FUEL  FLO H  HATE:  579.55  LB/HR 


- MISSION  pfofILE  CONDITIONS - 

PA:  4000.  FT  TEMP: 

MAX  RANGE:  350. CC  NM 

CRUISE  VEL :  100  KTS  CRUISE  PHR  REQD: 

MAX  END  VEL:  65  KTS  MAX  END  PHR  REQD 

INSTALLED  ENGINE  HEIGHT  <EA>:  495.00  LB 

FUEL  HEIGHT:  2409.25  LB 

HEIGHT  OF  INSTALLED  FCHEEFL ANT  2  AND  FUEL: 


1355.34  SH? 
385.70  SHP 

95.  F 

471.20  SHP 
:  377.30  SHP 

3399.25  LB 


RECOMMEND  ENGINE  1  BE  SELECTED 
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G.  COMPUTER  PROGRAM 


ooooooooooooooooooooooooooooooooooooooooceooooo 

*-<Nm»ir>vor'flOCT'0»-’<Nrr)a,vnvor*'ooCT'0^<Nm3'inu5P,‘®wo»'rMfri»in\or,“aD<T'0^-rMr^ij'invor» 

^  a-  m  ^  ^  ^  •-  m  pm  cn  cn  cn  cm  cn  cn  cm  cm  cnci  m  m  m  m  m  m  m  m  m  3-  3-  ^  -r  -y  &  3-  3- 


•  * 


******* 
******* 
******* 
*  *  * 


******* 

******* 


*  *  * 
*  *  * 
*  *  * 
*  *  * 
*  *  * 
*  * 
*  * 
*  » 


tn 

Eh 

*  * 

0 

M  HSU 

*  * 

M 

Z  SOM 

*  * 

EH 

M  Eh  Min 

*  * 

tn 

OM  MX 

*  * 

M 

ZMZ3M 

*  * 

asz 

MMO 

*  * 

MO 

ECU  MM 

*  * 

Ehm 

MM9MB 

*  * 

UEh 

Ehm  3fs 

X  0,0  M 

*  * 

*  * 

asM 

mom  as 

*  * 

«<M 

3  wmo 

•  * 

IE 

U04<b 

*  * 

OM 

MEhOQEh  . 

*  * 

EH 

<*  OMas 

*  * 

3U, 

UOE-EHMM 

•  * 

00 

ZZ  Hh 

*  * 

M 

0<«<40b0, 

*  * 

M 

MZ 

Eh  MZOO 

•  * 

as 

O 

tnOiMMU 

*  * 

3 

MM 

auas  a,M 

•  * 

Eh 

MM 

MMMM  Mm 

*  * 

« 

sy 

ZH3X3MOI 

•  * 

M 

MM 

omouQso' 

*  * 

u 

M 

MMCUMM  *- 

*  * 

z 

MM 

t naa  miom 

*  * 

M 

ztn 

UUM  «S3  tn  % 

*  * 

JC 

M 

QEh  Mfcp 

*  * 

O 

(JU 

uuuto 

*  * 

z 

zz 

tn«eoz  x 

*  * 

MM 

MBS  MZZaC 

*  * 

O 

4ZOOOB 

*  * 

ZZ 

ZXOZMM 

*  * 

OM 

<um  wtntn 

*  * 

M 

US  Eh  mm 

*  * 

in  a 

'J3UQUQ 

*  * 

MZ 

00  W  w 

*  * 

UX 

USMMMM 

*  * 

UiixHMX 

*  * 

O 

tnXEn 

*  * 

M 

tnM  Eh 

*  * 

M 

hmu  tnas 

*  * 

3 

I3IZO 

*  * 

HUH  eh  MM 

*  * 

.  * 
•  * 


w 

* 


01 

m 

OB 

OKB 

M3 

as  Cu 

• 

riOSOS 

•  30 

in  CUM 

Eh  05  CL, 
<Ol 
MM 
M  H 
as< 
3CUQ 
tO  Z 
WOC 
MS 
asXM 
a,  z 

MM 

o*u 

HHZ 

rjW 

•  3 

HUB 


M 

M 

M 

M 

o 

as 

On 

z 

o 

H 

tn 

tn 


as 

O 

H 

O 

as 


X 

6h 

M 

U 

O 

M 

M 

> 

« 

U 

z 

< 

os 


X 

Eh 

H 

O 

O 

M 

M 


Z  M 

m  tn 


<8 

Eh 


x 

>< 


3 

as 


as  as 
OO 
Eh  EH 
OO 
as  as 

Z  i-S 
MM 
OSOS 


Eh  S3  03  CJ  JCEH  a:  OS  OS  OS 

"  "  00  op 


Z  M 

<WtL«3 


os  as  as  as 


ZM 


U) 

M 

M 


MM  M 

M  OOOO  OMEh*Eh  XX  HtH  MM 

«Bsu<i«w,  »<o<  aits  00  uO 

o  OBOB  ®  a> 

EhMCUQQM  SZO  OQfiQ 

zmmmmmhm  zm 

astnasasasas  mm 

MCUEhOO  M  OUMBHMHH  «C  *C 

HQ303SS3  SEh  Z£h 

o  one  000101 
*W  MM  MM  *  %  %  % 

O  m  us  tr*  as  ua  as  as  as  us  as  u:  as  as 
cu  uuuanuuHH  Eh  m  mmmhmm 

SIX  as  ZZBSMUSHCaSaSU)aB333333 

VISBOSHMUBEUUU<IMSIXWIMUOUOUOU 
OO  UUOOHHK  3(033330,0,0,0,0,0, 

OMEhEhMZZEhHMMMMO  OOOO 
BQUUUMIXOUJ3  asuiswuiuiutuQawuw 
M  as  as  as  a;  as  as  is  o  mmmmmm 

MU  OMM  duifHtfWf,OOOJUU(JHHH 

(LZdHUUZJrtWUtfXKHKKDISUiutt, 
OOHMEBs[xHHHCSWes<EHHEHQQQOCO 
>hJ«<HH4<0BIXBOSOOOO5SZZ03KB 
<tn*EHa3aQZfcHtHC3MU,tHMtHfcHEHMMMMU4U,M 


oa 

M 

bfi, 

35 
ucn 

M  QQOS 

s  .asasazzMMM 
Mtn00tn33MM0  OEhC 

SOTMEhOU 


*  * 

ffl 

*  *  *  * 

< 

as 

M 

S 

ZEh  Z£h 

*  *  *  * 

w 

3X 

Eh  M  M 

m4 

EhQCuCJ  BHHHMOOO 

*************** 

as 

O,  Eh 

MMM 

ou 

Mzsassosasasasasasasas 

aUSHMHHSH33H<Utn>333333333 

<  ca  U  u  ©  a  a  o  a  m  o  m  a,  a,  a,  a,  a,  a,  a,  a,  a,  a,  a,  a,  a, 


*************** 

******************************************* 

uuuuuuuuuuuuuuuuuuuuuuuuuuuwuuwuuuuuuuuuuuu 


oooooooooeooooooooooooooooooQooooeoooooooooo 
9  9 1/>  mminm  in  uuntnm  *o  vo  vo  vo  vo  \q  \o  vo  vo  vo  c-  pm"  r»  c-  r*  r*  h  r*>  r-  oo  ®  co  ao  oo  oo  co  ao  eo  ao  av  cv 


M 

• 

COX 

eo 

CO 

MM 

M 

COCO 

CO 

H 

• 

XX 

z 

«c 

X 

oo 

o 

H 

E 

XX 

X 

04 

X 

w 

coco 

CO 

H 

s 

M 

U 

H 

MM 

M 

HM 

W 

CO 

z 

M 

XX 

X 

a<< 

H 

H 

M 

M 

Q 

o« 

O 

Cfl 

XX 

X 

MM 

M 

u 

X 

O 

Z 

Z 

X  H 

< 

>> 

a* 

HX 

X 

H 

X 

M 

M  XM 

MM 

M 

ZM 

to 

H 

to 

X  OH 

• 

HH 

H 

CO  M<< 

V 

H 

w  » 

MX 

o  cua 

H 

au 

O 

H  X 

as 

M 

W  M 

H*0 

U<  M 

M 

<<<< 

*< 

X  XM 

X 

<< 

X  fix 

BOH 

M 

•C 

XX 

X 

co  x 

N. 

X  << 

O  H 

QXUQ 

MM 

M 

»HXH 

X 

H 

W  X 

HbH 

U4MXX 

Ui 

HH 

H 

xaco 

M 

<< 

as  u 

MOD 

H3M« 

M 

XX 

X 

H  MM 

x  as 

3  XM 

<OX 

as 

MM 

H 

M  ••  O 

•  • 

• 

<<  M 

HOW 

XXaH 

M 

UXO 

z 

04 

w  m 

MXU> 

QX 

CO 

XX 

X 

OHWX 

o 

E 

ZO  M 

MHZ« 

u 

oo 

o 

MMWH 

HSU 

to  W 

MMXM 

WCOWH 

a 

MM 

Ulb 

MUUtMM 

HMH 

MMX 

OK3 

•  SM  04 

MM 

>0  COM 

WHH 

X30<<HZ3MB 

H 

aa 

HQ 

M  U 

EOb 

XM 

W  XHdOZ<U 

*< 

MM 

UH 

MM  QO 

9DiO 

sum 

QBCO^XUEZ 

COCO 

Mco 

COXXd 

U4 

COMM 

MOOM 

>4iU 

oxx 

as 

M3 

M  <W 

10  X 

vizino 

Qd  H 

XMHHHHHHUiOO 

coco  w  coaMx> 

XV) 

90ZH 

MMM 

Qd4<«444  MM 

EhHMHCOWHXU® 

M 

HUO  H 

XOHO 

<< 

xxxa 

mxuxox 

a  as 

Q  X4EEH  MO 

mcohwwwwwmo 

<<<<M<<MX<< 

<MX 

WWO  «4M  XXX  CaU>4H«  MM 

XXH  EUH  OSCS  i(JOWHKZ*i<<<«i«C^WW 
O  a  3WW  e>ZM>UIUHBU3UiCBWIBSSS 
XXlfa  XMMO<SXH<<M  UX  UIUM 

O  OX  UO40i>HiJSQ3l3S3S3H 

mhqxhucohhh  s  awHwoooooowxx 

MOWXOM  OUOHOQZXJhMMMMMMISS 
HWOSVIIBUiWO^BS^ZS^  WWWWMWWM  to  C/1 
CO  M X  MXX  U<KHkC  M 

4Z3  dOH  XMX  X  OOHdddddd^OO 
QSHQMHMUIBHHEMISMaiZfHHHtquiUHHaK 
4<4N440iZOMi«Hi«O<<Z<V)D99SSSOWU 
HtSaSbnWinSHHIlPuBHBWIhlMlltllttbMeiNN 


SHHUdZ<dZB  W 
uimnznHHOgDbz 
XXXW  CJ  us  HQUK 

SOU  BMWZHZ  o 

OUUl“Ow>0<WHfc< 
X  OH  HU  X 
MM  OZMOHEWS 
H<<4KB9«l>ilMOZS 
XUUM  SU  MEWE 
HHHQZHHdOHBH 
OUUSHHUHMXUX 
XOOS<<U<OMU4<<X<< 
WiHdZEUdHIASHC 


>4 

< 

M 

<— 

* 

E 

H 

>4 

H 

C S 

XX 

* 

X 

XX 

M 

Q 

X 

MM  H  >4 

M 

MCO 

>4  aoux 

# 

X 

xs 

UXX 

XXX 

QM 

CO<<<<QUOMM 

H 

MW 

EX  XXX<< 

* 

XECOCOHMXHXH  WhEBMMPuhhhhlh^ZB 

a<asaa:v)imncnv)H>»>»>33S3S333NN 


xx  esohuuhe 

OddZZXXX»»> 


UUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUU 


s<«:c«i«c«e 


i  z«r>x 

w  _ 

k 

1  k— Q 

E-O 

H 

1  Sh6-»  * 

HO 

Z 

1  OQ 

XCM 

k 

1  <Cfc-.SC 

Z  — 

& 

1  HXfc* 

XX 

z 

1  w  »z 

kfc. 

k 

1  X— .  k 

«~z 

X 

i 

O  k 

<C 

1  OT— X 

Omm. 

c 

1  kX> 

(MO 

z 

1  —  iT*  k 

— © 

k 

i  muix 

S(M 

1  —  kO. 

M  — 

z 

1  M— Z 

HZ 

a 

l  a.mOi 

3  0. 

z 

1  X—'  k 

a.  as 

k 

i  OTUH 

kZ 

X 

l  kfc.O 

— 0. 

i  -jstac 

O  k 

JC 

(  m  kJ» 

O-. 

Z 

1  —>40. 

(MO 

k 

1  MM  « 

— O 

a 

1  USE 

MCN 

z 

1  UNO 

Z  — 

M 

1  OT  kOSQ 

30, 

Z 

1  vJIZ 

a.  os 

k 

1  hfOCiW 

kZ 

VI 

|  Ob—  *o* 

—a. 

3 

1  4MQ  k 

o  « 

z 

1  XSQXfr. 

O-k 

O 

1  «N»U 

(MO 

z 

1  M  kO.  k 

-TS 

k 

1  S4  fc. 

1  CCCHfl 

H<M 

M 

«  — 

Z 

XU.M  k 

3fc- 

o 

OT  Wkl«H 

0.0 

z 

HBCZE 

kZ 

k 

J  *  «a*  k 

—  <k 

*k 

M  XH  kfH 
«C  Ei-IECfl 

§°i 

a. 

OT 

HU14H  k 

(Na 

H 

as  a. fc> mx 

—o 

« 

c,ksau 

kl 

Zfr<  kO.  % 

k 

ZM  « 

z  — 

a. 

HkllOHO 

XZ 

ot 

auibs  k 

•a 

w 

MtSZZS 

—z 

z 

kjfc.  kO.ee 

oz 

M 

a  »U  %  k 

©a. 

k 

W<4lbC<.XI 

CM  k 

z 

qhzxot 

— '*m. 

k 

_J  kZ  k 

CBO 

x 

»  Hcaa.fr. 

zo 

k 

1  Qfc.  kkJ 

a,  cm 

o 

1  kZK  k 

k 

|  *t  k«^ 

1  H430. 

*o 

OX 

M 

1  CO  MO.  k 

MZ 

X 

1  09  kOo 

otx 

H 

1  kOSfr. 

Z  k 

O 

I  J>9  k 

H-, 

u 

1  <00,4 

EO 

H 

1  two  »o. 

MO 

zx 

1  XU _  k 

a  cm 

MZ 

l  wNrn 
• 
i 
» 
i 

a  a 

u 

i 

N 

-  ina< 

O*  U«  - 

«  J  *  « 

V  M-  • 

—  3b 


«  HW(< 

H  U.ME-. 

•  UH4 

V  QAU 


*z 

X  * 

nxe-, 

MdZZ 

W  »  *  » 

hXS^ 

Mfc.au 

fci  »  »  » 
UUJC&H 

EHQQ 

a  »  *  * 

««st. 

Cl, Oi OS  OSH 
•  »  dS 
«»EH(J 

huotwzh 

c  z 


Qvorr*.®  »  o>m 
^icnrnnrn^  pri¬ 
cy  »  »  »  %||  «z 

aea,&99 w  3-m 
— —as 
i  ©«-  z 

i  oaoor  i  a  a* 

I  «<<>«•«  k 

I  MMCUMO  ||  W_ 

i  xzkzoxkm 


a,k 

OT 

kM 

z 

«k— 

O 

Mfr. 

M 

o 

— o 

e-< 

EX 

a 

m 

XZ 

3 

30. 

X 

O 

X  k 

t- 

b-» 

k«k 

ot 

— M 

z 

-  O 

M  — 

—33 

M 

O 

XO 

X 

J_ _ 

ZX 

U 

XZ 

OT— . 

04 

kttl 

3- 

tn 

^k.  k 

Z 

U4 

M  A 

MX 

CC 

— H 

eu 

z-i 

X  — 

MOT 

• 

UbM 

XX 

X 

o 

ZM 

ZkJ 

X 

w 

kX 

u 

o 

• 

XZ 

1  - 

z 

>* 

X 

1 

q; 

k 

1  oo 

O  — 

o 

o  — . 

1  OTO— 

(MO 

z 

OM 

1  Ess 

3-c^l 

cn  — 

i  a  k  k 

wj 

• 

I  fi-tvovo 
I  X  — 
I  X 

I  MU 
I  4HH 

I  nJHM 
I  4BBS 

I  U1S 


i—  uua 


70 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
©^tMfr)#tr>©r'*®o'©—r>ion5run©ru®o'©*”oion^cn©r*®o'©^r'ion^in®x®0'©^<'jonarir>© 
a,»»o,«r»3,5T»5fiomtninimniruruna*i'Ovovo'0'0'0'0'OvO'Of*'r-r^r^r'r'p'f^p'f^®®®  ®®®m 


«e  ■«  •*•«<«<<<«<«  <«  « •<  <<  •<  «e  <«<<  <c  <c  <<  <«*«*  *  «<<<<«<«*  «*  •«  «c  at  «e  «:  « 


« 

<« 


w 

«£ 


© 


z 


© 


•« 

X 

X 

X 

g-i 

as 

as 

as 

© 

«< 

EH 

Eh 

EH 

Q 

on 

Eh 

H 

Eh 

pa 

O 

O 

O 

o 

z 

z 

z 

z 

n 

M 

« 

Cm 

Cm 

Dm 

o 

z 

H 

© 

M 

o 

M 

o 

« 

pa 

© 

® 

•  • 

•  » 

•  • 

os 

© 

o 

O 

o 

© 

o 

a 

o 

• 

EH 

t 

EH 

• 

Eh 

m 

85 

Bu_ 

*" 

o 

O 

*• 

O 

as 

Ml 

HZ 

V 

© 

A 

© 

V 

a 

os 

03 

a<« 

u 

>4 

su 

u 

CM 

— 

U 

© 

• 

O© 

Mi 

© 

X 

© 

Pm 

o 

os 

X 

a 

0000 

IS) 

• 

VI 

• 

CN 

© 

• 

►J 

00 

H 

Oi*S 

*— 

u 

o 

• 

u 

w 

X 

« 

M 

Ml 

• 

M 

M 

• 

» 

z 

X 

1  - 

u 

as 

w 

04 

« 

ftl 

U 

00 

w 

as 

1  »»  A 

Cm 

9 

►J  — 

A 

S 

9 

©.— 

Bl, 

9 

o 

O 

1  o 

OT 

in 

•o 

o 

V) 

VI 

•© 

© 

V) 

© 

•o 

O 

©a- 

© 

SB 

1  ©  © 

z 

—<N 

r* 

z 

,—m 

© 

Z 

—^4 

© 

®  o 

m 

mh 

1  *J  o 

<«H 

H 

— 1/1 

H 

— i n 

a 

M 

cNin 

O' 

u  * 

9 

f 

» u  * 

* 

mh  « 

% 

* 

HH  % 

% 

* 

% 

H© 

% 

Eh 

CU 

•  Eh  Pa© 

» 

O 

w©ocupa© 

% 

O 

H©OWW© 

% 

o 

M©OWW© 

os — 

in 

O 

9 

1  05©  — 

ID 

EH 

U—on©©  — 

in 

Eh 

Oi-VI©©  — 

ID 

Eh 

u— r- 

99  — 

a, 

SB 

Z 

1  Buz 

ZZ 

X 

zz 

Ml 

ZZ 

u 

• 

W 

1  HU 

* 

l/IMOHHB 

Z 

U1HOHHU 

Z 

©wOhhw 

JH 

a 

mh 

Eh 

t  UEhH 

a 

U 

— Eh6h6hEi6h 

a 

u 

—EH  eh  fine- EH 

O 

u 

-E- Eh  eh  6- Eh 

JH 

z 

1  UZH 

<* 

Ml 

M 

5BSBW 

< 

W 

M 

ZZH 

< 

Ml 

M 

ZZM 

<«« 

Ml 

Ml 

O 

|  -<005 

w 

S 

1KISOOO* 

M 

X 

msoaocs 

M 

X 

MtCOOOB 

US 

a 

H 

U 

1  UUZ 

as 

u 

HZUUUZ 

05 

u 

HSUUU3 

03 

u 

HSQUU3 

I 

I 


I 


I 

©  I  © 

(j  u  unuuu  on  u  uuu 


o© 

®© 


o© 

O' in  u  uuu 


©o 

©r*  u  uuu 


OOOOOOOOOOOOOOOOOOOOOOOOOOOQOOOOOOOOOOOCOOOCOOO 
r^X0'©MOjin.ztnio^®C'©M<Nm»tniof,,*GOCT'OM<Nm»invo(— ®©iOM<Ncooinvor*cocnoM<Ncn 
CDfflOOCTlC'CT'CT'0'CT'CT'C>S<7'00©00000©©M»— *- *-^TsKNCN(N(N(NCN(NCN(N(',")rOr'OrO 
M»-»-,— Ci(N  IN  IN  IN  IN  OIOS  CM  IN  IN  <N<N<NIN<N  (N  041N<N<N<N  IN  (NON  CM  IN  INCSI  l\KN  IN  (N(N 


in 

z 

o 


z 

z 

z 

Eh 

M 

M 

M 

M 

C 

•< 

«: 

a 

15 

13 

(5 

z 

< 

MS 

< 

o 

u 

X 

X 

X 

as 

« 

X 

z 

Eh 

EH 

Eh 

u 

>  — 

p-t 

H 

Eh 

M<< 

5 

o 

5 

C9X 

z 

z 

z 

X 

MhJ 

Bu 

o 

Mi 

o 

Qu 

o 

«•« 

M 

o 

M 

IN 

M 

z 

% 

p— 

W«* 

•  • 

•  • 

•  * 

EH  Eh 

O 

o 

O 

o 

o 

o 

4H 

• 

Eh 

• 

EH 

• 

Eh 

xffl 

» 

■ 

O 

O 

O 

ZM 

• 

A 

13 

V 

15 

A 

15 

OO 

z 

•-3  Mi 

X 

Pi 

_  - 

u 

Pi 

m.  in 

u 

X 

X 

O 

Pu 

© 

— 

X 

O 

% 

in<« 

X 

(N 

in 

• 

m 

in 

• 

m 

in 

» 

pH 

XEh 

X 

m 

X 

MX 

MM 

M 

Ml 

• 

M 

M 

t 

M 

Mi 

• 

X 

OX 

UUi 

m 

a* 

as 

Mi 

u 

X 

« 

Oi 

X 

H 

a 

Mi  in 

m 

X 

s 

15  — 

— 

Mi 

X 

M  — 

— 

X 

3 

15  — 

A 

w 

— 

— — 

— 

in 

W 

•o 

o 

t/1 

in 

•o 

o 

in 

in 

•O 

o 

z 

H 

o 

o 

z 

— m 

o 

z 

—IN 

X 

z 

— m 

H-3 

in  m 

© 

- 

M 

oim 

in 

- 

M 

com 

m 

M 

onm 

— k 

xin 

cm 

m 

* 

% 

% 

* 

—  *© 

* 

—  •© 

% 

* 

jp 

u  * 

% 

o 

HVOOUUvO 

% 

o 

Hifli- 

MM© 

% 

o 

Mvocn  w 

*> 

« 

OM 

Eh© 

© 

m 

H 

fli'-moo*' 

m 

Eh 

U— — 

OX— ’ 

m 

Eh 

X— >" 

o 

m 

US 

X  — 

B 

zz 

><h 

Mi 

zz 

X 

z 

t-lMi 

M 

x 

WMOHWM 

X 

IflWOHHM 

X 

inMOH 

w 

■< 

M 

M 

Q 

U 

— me*  eh  e*  eh 

a 

U 

— EhEhJhEhSh 

o 

u 

—Eh  Eh  Eh 

6-» 

Q 

UJ 

-4  H 

Eh 

*8 

Mi 

w 

ZZM 

«* 

Mi 

M 

ZZM 

MS 

m 

M 

M 

•< 

1  U 

JH 

M 

Mi 

X 

ihBsoooa 

Mi 

X 

MiXOOOOS 

Mi 

X 

xxoo 

as 

Mi 

1  MS 

XX 

X 

x 

u 

HBUUU* 

as 

u 

HSIJUUB 

as 

u 

H»15U 

X 

I  o 

1 

1 

uz 

z 

oo 

oo 

o 

1 

1 

om 

(Nn 

1 

O'-'U 

——  uu  yuu 

uuu 

MU  uu  uuu 

uo 

J 

oeooooooeoooeooooooooooooooooooooooooooooooooooo 
a,in©^'®©©«-<'im«in©M®©o^M<,’>3nn©r»«ciOM<MM»tn©r,»®©o— rstm^in®)^®©©*- 
p*,iro(n<,v’,)«r)^»»»»»»a’»»intninininininintnin®®®®®®©®®®c— Mr-r-roMr-r-r-r-®® 

(NfNfNfMfNCNfMfNtNPsir^fMfMfNtNrsKNtNrsIfNfNtNfNfMfVJtNrvirStNrjrMCNfNfNtNrNCNfNrgfNtNOJtNrMfNrMfNfM 

Z  Z  Z  Z  Z  Z  ZZZZZZ  Z  ZZZ Z ZZZ  Z  ZZZZZZ ZZZ  ZZZZ  Z  ZZZZ  Z  4*  >C  <«  Z  «tiZZ  Z 


H 


1 

• 

M 

1 

a 

i 

X 

1 

z 

i 

M 

1 

mb 

i 

Z 

1 

i 

O 

1 

w 

i 

z 

1 

Q 

i 

M 

1 

© 

t 

r 

6m 

i 

G* 

• 

M 

i 

S 

i 

H 

i 

W 

i 

M 

i 

i 

Z 

i 

o 

i 

i 

z 

i 

W 

i 

H 

i 

CM 

i 

N 

i 

3 

i 

i 

in 

i 

Q 

i 

in  • 

i 

Z 

i 

Mi- 

i 

Z 

i 

03 

i 

i 

CMU 

i 

« 

M 

i 

z 

i 

© 

o 

M 

i 

MM 

i 

M 

S 

z 

SO 

i 

m 

Em 

IS) 

H 

zsb 

i 

Z 

% 

Z 

l/JM 

i 

O 

Z 

z 

M 

«< 

m 

M 

H 

— 

X 

mbs 

z 

CU 

u 

M 

>-(Nfn 

x 

so 

o 

o 

O 

X 

z 

35 

i-3 

EmOm 

M 

© 

M 

Em 

M 

WMM 

-« 

Em 

E- 

m 

© 

4*» 

uuu 

% 

HQ 

M 

a, 

% 

% 

X 

* 

o 

HMM 

*3 

mu 

o 

a 

o 

M  z 

M 

W 

WOT® 

Pi 

3  cn 

z 

Qt 

M 

Z  Em 

X 

\n 

»  *  * 

UJ 

3 

o 

m 

• 

6- 

Em-m-J 

E-t 

% 

X 

® 

o 

o 

vu 

Z 

Z 

MZUJ 

% 

Z 

03 

rom 

% 

(uuu 

o 

as 

as 

z 

MEMO 

H 

M 

'  -■  ""*■■ 

>4 

ZU) 

u 

M 

u 

MM  » 

% 

ca 

MHH 

X 

MO 

A 

UU 

• 

® 

w 

»zz 

CM 

« 

CUCUU. 

a 

OS 

OS 

>■©» 

z 

z 

EMtMS 

X 

1 

H 

SEZ 

M 

ZEM 

M 

OH 

M 

3 

04®U| 

c 

1 

M 

n 

Mnn  in 

X 

U4 

• 

m 

O  • 

O 

EM 

m 

Z  «M 

u* 

1 

X 

m 

Of 

M 

zx 

— 

M 

m 

HfcMZ 

1  © 

* 

«■* 

—  — 

EmZ 

ca 

©_ 

as 

<C 

M 

—  "M’ 

1  Z 

© 

ooo 

o 

z 

• 

O 

~.o 

© 

CM 

© 

Em 

Z 

O 

1  M 

® 

©©«- 

04 

MM 

Em® 

oz 

V) 

m 

® 

04 

OOEM 

r- 

i  a 

m 

in®® 

VO 

3  as 

3® 

s 

® 

® 

mmm 

VO 

i  z 

• 

% 

%  %  » 

% 

OSO 

« 

IM  • 

®  • 

o 

% 

# 

* 

M 

fcMMZ 

% 

1  w 

® 

00®  CO 

X 

HEm 

Eh 

Z® 

«*M 

EM 

u® 

% 

® 

% 

MEM 

ZZM 

vO 

1  s 

" 

WZ 

O 

Mw 

mo 

as 

S'-* 

m 

m 

3Z 

zzs 

w 

i 

• 

303 

X 

1 

»9S 

H 

z 

Z® 

04  EMM 

1  M 

n 

H 

HUH 

H 

®H 

t 

1  U 

• 

MM 

M 

M3 

w 

1  fiM 

Em 

e-*hh 

CU 

1  EM 

Q— ’ 

M 

Em  Em 

e 

EM 

Q 

HU 

MMM 

1  M 

M 

MM  M 

M 

zs 

1  M 

M« 

H 

ZM 

z 

M 

Z 

ZM 

MMM 

M 

1  CM 

MU 

as 

030303 

X 

OH 

Hh 

i  as 

Hh 

— 

O  as 

w 

Z 

H 

oz 

zzz 

X 

1  CM 

M 

3 

3  33 

X 

HEM 

M 

1  3 

OM 

o 

03 

z 

3 

Z 

uu 

uuu 

X 

I  I  o  o 

i  i  m  ® 

uuuuu  U  U  U  UUUUU  UU U  U  U  U«“  uuu  u*-uu  u  u 


ooooocoooooooooooooooooooooooooooooooooooocoo 

(N4-n^if>®r»®®0'”fN<,ns«r>®Mcoo'0^<''im3rvi®r*®®o^rMHzm)®Mcoo'©<-<Nni«m® 

CD®ODOOODOB«CDO'C'C'fflO'0'0'0'ffi»0000000000**^^''<-»"^'»"*-»-(N(N(N(N(N(N(N 

<N<NC'ic^iNC*p^<>i<N<NPsir>i<N<Npvi<NroHHM4V)in<^M«,ic'V*i(Tirnfn('o<ni”y'|’>rnMi*,»rn<',">f'o<T>nv'r> 

<4<40C<M<<<4 <  <  <  <  <«<<  <  <  <«<  <  <<<<<<<<<<<<<  <  ri«i(>«4iC  <  < 


1 

*  *  * 

1 

#  *  * 

1 

1  z 

1 

1  o 

z 

1 

1  M 

OS 

1 

i  in 

HO 

1 

1  ON 

04 

Eh  W 

• 

1  <Q 

x 

9 

1 

1  z 

in 

<05 

1 

1  HN 

UN 

1 

1  WX 

X 

in 

04 

1  H 

o 

<9 

s 

1  W 

H 

in 

1  SH 

O 

HW 

cu 

1  H< 

03 

zs 

1 

HH 

w 

i  hot 

H 

as 

H 

i  « 

in 

04  >4 

< 

i 

< 

BQ 

M 

1  xo 

<0 

•  «k 

9 

i  mm 

tno 

U 

I  zoo 

Eh 

Eh 

zw 

M 

1  03 

< 

M 

OH 

< 

1 

< 

MW 

u 

i  win 

n 

W 

EhH 

1  Q< 

z 

<U 

a 

i  < 

w 

» 

MW 

X 

1  B«- 

z 

M 

9  04 

< 

1 

M 

S 

Utn 

1  WW  • 

O 

fiH 

04 

M 

in 

fflztn 

z 

M 

x 

<in 

W 

W  MZ 

w 

< 

in 

u< 

SB 

EHMOO 

W 

as 

M 

<MZM 

X 

z 

» 

aw 

a 

OSMWH 

o 

% 

M 

WB 

X 

Z  M 

w 

U4 

M 

as< 

M 

x  aaw 

x 

Z 

MOT 

omoz 

W*” 

in 

03 

9 

Qu 

04 

OZNO 

6h 

o< 

» 

OMO 

O 

x 

WO  u 

<w 

■  % 

04 

ws 

O 

tn 

in  a 

asz 

X 

s 

OS  Eh 

O  O' 

at 

04 

hlHUU 

H 

» 

in 

®  *- 

w 

% 

OlOtSZ 

*o 

< 

04 

OS  Eh 

*- 

m 

z 

9<HM 

QZ 

Eh 

» 

WO  < 

O 

B*. 

% 

WWHH 

w 

H 

zztn 

O  Eh 

9- 

< 

xz<o 

w 

IU 

• 

O  SB 

Eh 

XX 

H 

UUHBSO 

as 

» 

X 

04  in  o 

O 

OS 

U4 

MU  WIN 

MO 

M 

» 

MM 

O  O 

B3«J 

WO* 

<  004 

ww 

S 

BH 

as  eh 

o 

oot 

<c 

JNWOO 

9 

04 

w 

OS< 

Bn  4-1 

MOT 

9Z03  e-» 

wa 

X 

< 

WWM 

H  <■»  © 

u 

MW 

(JMMW 

w 

in 

04 

X9 

w  «— O  < 

H- 

s 

oosao 

wot 

as 

HE-U 

<Eh  <  *- 

04'^—. 

N— . 

<ZC*MU 

HW 

^^4 

—  |— | 

MM 

04  I  _ _ 

b  a 

X 

'■4® 

owww 

<H 

oo 

aw< 

1  W  iOO  EhOO 

o«n® 

O' 

SO. 

J3 

t4Wff 

z  u 

<  Eh  H  ID  in  M®® 

OSX® 

04® 

1  H  as*” 

9  W 

wr-r* 

<w 

o-onn  inn 

U4<J  » 

* 

x  •> 

I  ZQ|W4  < 

O 

< 

%  % 

MZ 

— OT  4  •  •  1”  »  * 

o 

6- VO 

* 

in® 

u 

I  US  c* 

MO 

o«® 

<  O 

in  a  w®  co  w  w®  <s  w 

MW 

I  as'-' 

ID 

>'-> 

9 

1  9IHBU 

<W 

&HM 

N<64*^'S0.hh|,*B 

IN  9 

•  On 

CO 

X 

i  o»  o  < 

us 

w 

OW 

<  II  M  ZM  Z 

Z 

1  BO 

CO 

H 

1  MfSHn 

M 

ww 

z< 

It  rQWNMOWWM 

OM 

•  ME-4 

O 

MEH 

EH 

i  inoin>* 

U9 

MEh£h 

UOTM 

W  W  Eh  £h»”H  Eh  E-t 

Eh  Eh 

1  nIH 

< 

MM 

z 

i  ®hw 

tnc» 

mmm 

winw 

WW  MMZ  MMZ 

Z 

1  <03 

w 

<K 

o 

1  9  OHW 

MW 

<ss 

x  wa 

mm  was  as  owes  aso 

OO 

1  US 

as 

U3 

u 

i  inaszw 

we 

UZZ 

UBM 

QQMZ3UMZZU 

OO 

1 

1 

!  #  *  * 

1 

i  *#  * 

1 

o 

i 

o  o 

o 

1 

h 

i 

«  O' 

o 

U  <- 

u 

u^uuuuuu  uuuu 

T-  J 

INUO 

74 


oooooooooooooooooooooooooooooooooooooooooooooo 

r~aoo'0»"fsJnris»iruor^®0'o^<Nroa-mvop»aDO'0^-(Nm^vr)vor^aO'7'0^,(N'^a-Ln^of^ooc'Oi^(Ni 
c'4p<j<Ncof''iMro<r>r',><,r>ro<TiM;r33  3'333333U">u”>u">u''LOu’>inuiirino^O'£0\ovO'fio^\ap'r-M 


OO  x 

HEn  s 

t—  Ul 

OO  ♦  S 

OO— HE«  — JLO 

S  OS»P»  oa 

#  •  •  >*30  «» 

•OOO  *W<NHvO  «M 
inww'-V)  «(ND-(ns 
>  •  —m  z  '■'"z 

CSU  tOHU  H 
Q  «-•***  O  ft>  6-  Eh  Eh  O  fr* 
«*  m^s  zm<«z 
wuthaunooiswo 
cBHHsoseuusmu 


1 

1 

Eh  Eh 

ZM 

1 

1 

aa 

OH 

1 

1 

nn 

MW 

1 

1 

ww 

HH 

t 

1 

zs 

NO 

1 

*  % 

ww 

w 

1 

XX 

3  W 

e-t— . 

1 

SB 

UOT 

Ml  Eh 

WW 

W 

00  iJ 

N 

SB 

MS 

c 

H 

<nw 

U*0 

3b 

n 

0303 

03 

a 

•  » 

aw 

W  » 

MM 

MS 

ww 

z 

MW 

aw 

z 

W 

SS 

MWl 

jin 

w 

CON 

3 

wo. 

w 

»  » 

o« 

3  » 

WW 

MX 

o 

WZ 

w 

SS 

a  Eh 

o 

3 

% 

w 

UiV) 

m 

<N 

mn 

3 

ww 

03  EH 

<N 

e-H 

«IW 

m 

w 

»  » 
HE* 

WQ  • 
zzto 

o 

01 

wa 

z 

feH 

%  « 

o  z 

EH 

3  » 

as 

z 

zz 

weno 

O 

ux 

CJ 

m 

»  » 

MM 

U 

C5 

as 

m 

as 

(Mir* 

a  H 

o 

■Sin 

03 

a. 

WW 

0«Ma 

OS 

W 

NN 

WWW  Eh 

— 

O 

O 

i 

ww 

zow—o 

• 

1  03 

m 

i 

HEhUNH  • 

I  oooo 

i  fn<ri33' 

i  p»r-r*r* 

i  >  •  «  > 

I  \QCD\OCD 


|  WWW  W 
I  BhEhEhEh 
I  HMMM 
i  as  os  os  as 
|  1333 
I 
I 
1 


MiJW  I  >■"—»—»  » —  — 

QW<«  I  W  .OO  HOO  O 

*  U^HE-inm  Wvovo  P* 

<  w  a.^-var'r*  .mp~  r* 

m»— vi  .»»•»%*  * 

*a  ocnwwoowwvoow  vo 
W  Wi-ja<«JW  *~30k  "  —  I— i 

OWN  tl  M  *H  Z 
WN  ||  rQWWHOWWH  W 

Wt/7  WWW  MHZ  MMZ  M 

SMSHMwasaowaaa  as 
UZIXQQH33UM33U  X 

*  *  # 

*  *  * 


o  o 

r—  (N 


(NOUU 


uuuuw 


rsiu  UU 


75 


white  options  fcb  doing  additional  fuel  flow  CALCULATIONS -  A3 7 


ooooeoeoooeooooooeooooooooeooooooooooooooooooiso 

fo.sttr,)'er'»co^©x<Nco»unvox®0'©x(N<'Ojf  ifivoxcoo'OxtNco^ifKor-xo'Oxojm  3’unsor»coa' 

r«.aO  0000 CO  00  OOCDCD®  cod' O' O'O' C'®C'C'<7' O' OOOOOOOOOOX  r-*-x  )-r- 

’ntni,ni'nfn<^ro«,™^i,nfOM«'OM<,i<nxinnrni'n<'nro('nrorof'r>  &  999 


u 

<-> 

H 

b 

O 

as 

at 


tO 

to 


uu 


o 

U 

M 

M 

1 

CO 

M 

1 

w 

b 

1 

a 

o 

1 

as 

w 

CU 

X 

X 

Eh 

E-> 

X 

M 

o 

U 

au 

w 

o 

to 

to 

M 

o 

o 

3 

CO 

o 

w 

ID 

vO 

M 

O' 

X 

fN 

cn 

% 

X 

fN 

to 

w 

O 

O 

X 

X 

o 

CO 

x 

X 

u 

o 

X 

M 

O 

o 

to 

b 

o 

3 

o 

O 

sr 

M 

© 

90 

X 

a 

CO 

cr 

on 

as 

00 

Eh 

ones 

O 

X 

<N 

X 

O 

O 

at 

© 

o-. 

a 

-■»* 

H 

e-t 

X 

o 

M 

X 

Oj 

a, 

o 

Eh 

u 

CL) 

id! 

CO 

O 

to 

o 

u 

3 

oto 

M4 

CP 

UU 

u 

U 

OUU 

MU 

as 

03 

W 

o 

J 

« 

3 

M 

J — L 

M 

X 

UU 

b4 

X 

• 

• 

X 

M 

3 

x  • 

X 

X 

Ol 

04 

X 

a 

a* 

© 

b 

>4 

0)0 

as 

as 

w 

CO 

as 

w 

CO 

X 

as 

tow 

cn 

u 

• 

IM 

O 

• 

uu 

w 

t 

W 

o 

UU  • 

as 

U4 

a 

* 

X 

as 

X 

X 

03 

Ol 

EH 

z 

XX 

o 

<3 

os 

as 

i-9 

— ^ 

03 

J 

w 

wx 

b 

Ob 

a 

U 

— 

O 

• 

O 

— 

O 

t 

X 

« 

JO 

A 

•o 

o 

as 

o 

> 

o 

X 

o» 

O' 

o 

X 

Ol 

w 

3x 

o 

OB 

Eh 

m 

a 

® 

w 

X 

o 

hh 

fU 

3 

UOO 

CN 

W"X 

CU 

CO 

GO 

— i 

r» 

•a 

• 

% 

® 

•O 

» 

cx 

« 

M  * 

u; 

•  t 

X 

% 

* 

% 

* 

« 

E-nn  wx 

vO 

% 

Hp*wx 

u 

W 

Eh 

bvO 

X 

X6H 

o 

vO 

% 

ID 

Ox 

9* 

in 

Qx3X 

3 

to 

O 

u— ’ 

m 

xo 

X 

IT) 

in 

X 

XO 

hh 

X 

xO 

X 

3 

X 

1 

ox 

CU 

•OH* 

w 

•  OH* 

M 

to 

« 

1  w 

X  * 

w 

w 

a 

—ft*-*'— 

Eh 

a 

—XEhx 

Eh 

1  EH 

a 

1 

h 

Q 

H 

Q 

x 

X 

M 

X 

X 

X 

as 

1  H 

1 

W 

< 

M 

*c 

M 

bOO  b 

OB 

uu 

bOQb 

O 

o 

b 

1  03 

U4 

bb 

1 

as 

M 

as 

w 

x 

HOUH 

3 

X 

HOUH 

U 

b 

M 

1  3 

1 

I 

as 

HHM 

1 

3 

as 

3 

OS 

o 

o 

o 

1 

1 

un 

vO 

X 

1 

u 

fN  V. 

U 

fN  ytsuuuu  uuu  uu  <_ 

UUUUUU  t- 

C- 

X 


QOOOOOOOOOOOOOOQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

<'i<>KN<N<\iP^tM<N<NfN«r)Prirpimcnrr)pnrnrr(m3’s»'»»a,a'ar»»ir»ir»iominininif)inkn\*'avovovovovo 

99999999999999999999999999999999999999999999999 

M  m  9  m  m  mmmmm  m  m  m  x  m  mm  m  mm  m  mmm  m  mmmmmmmm  m  «<  m  mm  m  mmm  m «  m  <« 


1  1  I 

1  1  1 

1  1  1 

1  1  1 

1  1  1 

1  1  1 

1 

1 

1 

1 

1 

i 

i 

i 

l 

i 

i 

1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1  1  1 

£T 

i 

1 

1 

1 

1  1  1 

H 

i 

1 

1 

1 

1  1  1 

X 

i 

1 

1 

1 

1  1  1 

O 

i 

1 

1 

1  1 

fe 

i 

1 

1 

M 

i  i  in 

w 

i 

1 

1 

U 

1  1  SB 

in 

i 

1 

1 

SB 

i  i  O 

s 

i 

1 

1 

M 

1  1  M 

o 

i 

1 

1 

as 

1  1  H 

x 

i 

1 

1 

3 

1  1  M 

i 

1 

1 

Q 

1  1  M 

H 

i 

1 

1 

X 

1  O 

fe 

i 

1 

1 

1  HU 

M 

i 

1 

1 

Q 

1  ZM 

X 

i 

1 

1 

MSB 

1  Us 

in 

i 

1 

1 

MW 

I  EU 

i 

l 

1 

Sfe 

1  W 

X 

i 

1  at 

H 

1  • 

i  as  a 

o 

i 

1  H 

X 

fed 

MUW 

H 

i 

1  3 

O 

M 

SB 

fez  as 

z 

1  M 

M 

H 

W 

OMM 

M 

i 

1  H 

M 

3 

aso. 

fe  a 

X 

l 

1  3 

X 

fe 

o  * 

as  o*  a 

fe 

i 

1  fe 

feU 

QUH  M 

i 

1  % 

H 

a 

as 

zxs  m 

i 

1  u 

Z 

z 

aux 

MO  OS 

X 

1  M^, 

1  fe 

M 

M 

Xb 

cus  iss 

w 

1  HSU 

1  3 

o 

in  * 

MUM  % 

X 

1  fefefe 

1  % 

z 

W 

asx 

zens  m 

o 

1  01X3 

1  04 

fe 

Z 

m 

MOSO  H 

fe 

1  *  •  » 

1  fe 

M 

as 

(90b  W 

w _ 

1  «*fefe 

1  3 

Q 

O 

Zfe 

ZS  X 

infe 

1  fe  X  £ 

|  » 

fe 

z 

M  » 

w  as  h 

SB 

i  £  in  in 

HM 

M 

W  Eh 

in 

oo  H 

oin 

tnfefe 

Xfe 

M 

3 

HO 

feSfe  * 

Xfe 

mo*  »  « 

o* 

M 

feM 

US 

OH  M 

% 

H  ZZ 

M  * 

H 

OH 

3* 

E^S-JSS 

MS 

H  » 

Eh  ♦  %  • 

M  MM 

wen 

33 

a_ 

m2 

OB  « 

x  in  m  h  fe 

MM 

X-MHM 

s 

MM 

X  ♦ 

OSS 

ouoHua 

UH 

NWW 

MU 

U 

OM 

Qfe 

MM  MS  ' 

O  fe 

x— ®oi 

fefe 

sax 

MW 

x» 

MMinwHM 

MLU 

QH  »  * 

3  * 

w  % 

W3 

w  « 

sMZOtnx 

H  » 

MfeUQ 

fefe 

HM 

3* 

as 

SO  »  MU 

>M 

fexasz 

o 

MS 

— 

MO 

MOMMfeM 

M 

tnxfe 

MZ 

BC3 

MZ 

MOi 

MMHCUHM 

OX 

M#  fefe 

MS 

Mfe 

M  — 

Bw 

HSM'm*' 

UN 

Hat' 

H— 

Eh* 

HH 

1 

ouo 

fe¬ 

oz 

O 

in— 

OM 

»o 

H  ZOOH 

es 

fe— HE* 

H® 

w 

EhO 

m  »  » 

EhUU 
mss 
OSS 
cucu 
W  *  » 
Minin 


HUM 


fees  as 

cu  «  « 

UH 

sss 

mls  as 
in  »  * 

in  mls 

MHM 

E  *  * 


asoO  OO 

OjlfUD  \Q^O 
|  00 CD  WCD 


Mfe 

fe  1  UMfcHM 

WX 

WMMM 

WM 

MS 

fefe 

1  *  * 

•  » 

EhM 

H 

EH  1 

MMM 

Min 

HOOO 

Eh  W 

EhO 

Eh  II 

1  iO« 

40® 

u 

*  «f 

*  , 

MM 

3 

M  |  EHXSB 

Mfe 

MMMM 

M3 

MZ 

Ma. 

1  — 

— M 

3 

MB 

Z 

M I MfeHM 

MM 

Mfefefe 

Mfe 

MH 

Mn 

1 

Z 

m 

3 

M 

3  1 

3 

3  — 

3 

X 

3  — 

1  uu 

MW 

M 

UM 

Eh 

U  1 

MMM 

UM 

U  II  MM 

UM 

UM 

UEh 

1  H  Eh 

EhH 

Eh 

MM 

Z 

M  1 

H—M 

MM 

MMMM 

MM 

MM 

MO 

1  MM 

mm 

Z 

•/ 

MM 

O 

M  1 

(MMM 

MM 

MfeMM 

MM 

MM 

MfcH 

1  SS 

SS 

O 

uu 

u 

U  I 

IUUU 

UU 

U3UU 

UU 

UU 

u* 

1  XX 

X  X 

u 

I  I  • 

I  I  » 

i  e  ii 

i  ao  i  i 

UUU  UINUUUUU 


’JUU  uou 


uuu  yuu 


o 

O' 

UINU 


77 


ooooooooooooeooooooooooooooooooooooooooooooooooo 

r-®©©*«  {'»<*>  »tnvor*'00<?'o^'(Mm^m\op'00o>o»-<Nm3,wP'~or'®  <7'o»_rM<,r'^Lnvor'  ®CT'o^rsifT^  a- 

vo  vo o  r-r*  r«r*r»f»*r-r*coao  oo  oo  good  oo  oo®ooff'wo<o>a'<7>o>OMT<a«oooooooooo»- 

9?9?999999999tfa9«399999949»??399tftni/iirHninininininininirMninin 
•4  4<1<1<<<<<  <  4<4<H<<<<<4<4<4<4<1<4<4<  •<  <<  <<  <<  <<  1<4<1<4<<<4<4<4<<<<<4<  <«<!«  «e  <<<<  aC  <<<<  « << 


X 

MUOTXOhOh 

1 

r- 

«(h  •rocs 

1 

1 

*“ 

acj  mztu 

1 

1 

% 

«CX  «OhM 

1 

1 

< 

1 

* 

H«*<  XX 
KBBim 

1 

1 

Z 

(jxowaia 

1 

1 

o 

Mooe-im  • 

1 

1 

M 

W  CC  Oh  *X 

1 

1 

M 

SWO.OXI- 

1 

1 

«t 

u  u«-v 

1 

1 

N 

|JZWH\  • 

1 

1 

M 

UhUShI  * 

1 

1 

X 

9XMW  Z 

1 

1 

M 

Duffi  XHU1 

1 

1 

M 

O  •  MM 

1 

1 

Oh 

QbUXMQ 

1 

1 

1 

t 

O 

Z  03  ZtN  M 
HSMMr  ® 

1 

a 

Oh  CD  w4S 

w 

1 

z 

Z  Z\M61 

z 

*4 

OUU  >~<t/3 

M 

z 

MX  XQ9 

C 3 

O 

z 

DumXK 

Z 

M 

o 

O 

OH-rfZW 

u 

M 

M 

MZCNZMX 

<< 

U 

rn 

Du 

MM  *M  M  — 

X 

M 

M 

in 

3  \CQ  • 

M 

•< 

M 

O 

M 

M 

MCu  «mO)ZM 

X 

a 

04 

H 

W 

» 

OMM0SOQ 

M 

w 

9 

m 

CO  O.MO  c 

o 

o 

M 

O 

CU 

M 

ww-exMOx 

o 

Z 

w 

CD 

% 

MMXOhCOZ 

< 

m 

M 

z 

M 

(N 

99®  M« 

s 

M 

Z 

• 

UhMO«<QQ® 

X 

O 

« 

<■% 

M 

CO  HA 

E<<aj  ZM 

IS 

M 

m 

Z 

a 

o 

ism 

u»a!B«no 

H 

o 

w 

z 

•M 

U  90  WM 

O 

z 

or 

a 

1 

U 

m  % 

o 

a 

W 

m 

rn 

W 

•m 

_ E©  u  do 

M 

z 

9ro 

* 

co  • 

O 

E 

H 

* 

Du® 

•  OB 

z 

HA 

M 

m 

MO 

O 

* 

•Oh 

P'0'sM««M 

o 

M 

OK 

® 

s 

o 

H 

3 

* 

* 

4*  % 

•  » 

DuQ  *Uopwn 
ocEmm  Qtox 

M 

M 

z 

a 

oo 

• 

* 

®  • 

•-M3MQM9U 

u< 

OB 

M 

« 

H 

* 

DU® 

•  OhMM  —  XM 

u 

M 

HA 

M 

i-4 

* 

«Uh 

OtOZWCSU  M 

• 

U 

H— 

Zh. 

• 

* 

CN  • 

•  MM  M  W« 

M 

X 

a 

M 

04 

M  A 

XX 

* 

•CM 

s»X  «83XMM 

X 

as 

u 

® 

»»• 

M 

93 

* 

©  • 

MMX  OWMD 

M 

u 

• 

M 

m 

X  • 

zse 

*  _M® 

%EMXH®MU 

» 

SB 

X 

> 

X 

MM 

XV  *M 

miNinoao  m 

X  O  M  HU-  O—  .  33  \CN  %  Min  =3 Oh  0«S «* 


o 

— 

O 

X 

• 

W  ■«“ 

©MM 

oo 

.<®»  •  •  XMMU 

r» 

o 

z 

o 

an® 

•X— ' 

9© 

*♦3  _ _  XOtflWX 

® 

® 

w 

®*M 

CN’-'M 

X® 

x*  i-co^anzuawQH 

% 

® 

• 

z 

• 

1  >o 

II  «o 

•  % 

*-♦  MMM®"\MMOH  X 

% 

M 

X 

owx 

1  MM 

mMM 

ww 

M® 

u 

H 

m 

O 

3 

MSB 

i  ax 

O* 

99 

9 

9 

*  9®  MM 

z 

M 

ZO 

1  X  II 

OZ  II 

zz 

Z 

Z 

M*  MMMMM  m® ZXH 

H 

If" 

« 

OMZ 

1  «M 

^CN  •  M  MMM 

HU 

M 

M 

<*  <4<4  4SSPt]MZ 

M 

a 

X 

MM®® 

1  — «Z  ||  ro>-Z 

II  MM 

MM 

M 

M 

QhX*  SECBCNNinM 

M 

«e 

n 

z 

1  X 

X  zxzz 

mm 

z 

z 

OX* XXXXXMM9®  *M 

« 

M 

M  II 

ooo. 

1 MM90MM900 

XX 

O 

O 

MO*  OOOOO  »  hSUBhM 

z 

X 

mtj 

UUM 

I MXZQMEZUU 

XX 

u 

U 

®  M*  MMMMM<<M<NQM3 

1 

• 

*-  ^<NM3in\0 

© 

1 

1 

O© 

o 

o 

©  OOOOO 

o 

1 

f-(N 

ro 

© 

n  .o  r~  co  ©  o 

c. 

u 

uuu 

m  g(j(j 

rnmu 

urn  uwu 

cn 

oooooooooooooooooooooooooooooooooooooooooooooo 

mvor*"®o>o»”rMro»invoi,,*®a'Of-(N<,n»invor“OOo>o^pMfnainvof^ooo'o»“<Nfria'trivop«'ODci'o 

sra  999394  mininininmininmin® 
ininininininuiininininin»ninininininininininin»ntnininininintnininininininininintnininintn»n 

<<«•«<«<«  •«  *a  <*  ><•«  •*<<«<  ■«  <«>«>«<•<•<<«•«<<<«<<«  ^!^,^  »<««!■<  <<<<•<  «s  *c  «c  «s  .<  -e  «c  <c  .* 


•a- a  ,0  *-oxto<o  Eh  x<-  <-  «*~t  hh  i  as 

m  euehcmwm  %  ow^tnin  o»*\  \w  su  1  <- 

kZMXOSOXZCMOS  MH  Z \  *  «CS<U  H  |  k 

XH<»-  (NO  k  Q  *J  M  k  HHS-I  I  X 

CN  £(NbiZ\HXSWH  3(00  M  <0^(5  I  CN 

\OCO  <00  «(NSOSS  OWH  WZOft'nn  I  \ 

•35  M  \X  Z CUO .***4 X  SH  H  _  I  X 

mHQMUHUn)  »HWtn-  «*4  O  M  HU  3  X  I  * 

in  wzsscaauzts  %sco  ••  osco  \  t  a 

Hoc  SJUUUUHCOXMUXK  UZQiHSX  mO  I  • 

Z  ,<S  Unto  NH  SO  IHZ3i»a  X  .  I  ® 

W(03ECn»0  *-»«*»“  UE\OU\£l  HHHEaO  X«-  I  M 

cuoo  *4-CCJ  WW-S  »  S  «*W  C  U  »  O  I  » 

UHHZOUH  UXBSOaHXCI  (0050  MM  <3  I 

UHHHMUO  4<<Eh  uuu  *“3S  UUHQ^Za  -,,—  «-« 

(O  V]  CUE-1  M  HOH  ZOUnh\H  HUKZ\HH  (5(3  S  <*  «S 

hehu  •  sosuauao  *eh  xqhx  ksm  aa  -  — eh  h 

iJ  0B9HHl*IUin{HfiSOiU  »Z  *4  S3  k  aS  HHU(3(3(3X  «C  M 

XWWCOUXErO  HHXSUU  o  SUOIXHHOI  HHZZZZZK  a  n 

ZHZ  Min  Eh  h«3  OMhSZZU  uzuau  hhhhhhhu  s 

OUO«Di(n  MS  KIN  l  HOO  UHB<M«0  WWEhEhEhEh  Eh  S  & 

H4UUKI  «ONH«H  k  MO  4C3SHIU9H  COCOH6hEhEhCO<<  (N  k 

EH  03  3  xa\  3  MUzOSEhEh  UZ«1H  W  UHHUKlU  (N  M 

X<dOHI(N«!  *aHHifl40«3  WCMiJZ  Ol  03  03 CO  CO  COCO  W  «  k  CN 

EhSWCU  X  IZOEVH  HUX  S  «MW  MM  *40  <“ - V 

ausxH  *HHxzt5\u*zw  mehms  ce  xsoaosas®  m  \\\\ 

04  Minx  #X*4  MM  k  >4  MM  OS  OSPu*-  4ISO  OOWWMMHM  _  k  9ST&  k 

EX  *-  33 O M Eh  U  >003  MM  C0«<\*4On  O4CU33330QM*.  ,\  •  •  .(O 

0<n(J  >UUH M  X  W3  03  H  C9  •  £h  0=\<3mH  OOOO  EH  \  W  ®®®ffl 
U4HXH3WOOS  M  OSS*  OS Ui  kJCH  kO  XXOiOiQilUaHX  \  *  MM  MM 

*M  CMM03  WMEh  Eh  EhQ  OS  .<  MW  MO  ••BHMZ  CCS  03  *4*40  MM  k  k  k 

OSZmXOSM  MM  *01*040303  BQHOH^W  «4*1UUDSH  S  O  XXXX 

SOU  k  MO  3  .xox  003  WOSMZ*4XEh  Eh£hX X  COlOO  O  M  co  Z  0009 

o  *4W  W3COWZ  ®*JU  HOOO  S3  X  k*  MMSSMMSS3  M  * 

W MO4H 003*40 OMO4M *4 SOS S*  H EH O Eh  O  *4*4aS03SS<OCO  S  k  k 

C0«*4OMMMZB3MMEh04I-U®  OHIW  #<J  MMO  0  0503  XMT  I  CNCNCN  • 

tn  M  IIMXBIUHWUZ  (N  M«C3  QSMS  «>SZZUUUU<K\  »  I  •  •  »® 

MW  *4  EH  H(flUO*SHXUWn  o  ®U3  <-  ft.XQina  I  ®ffl®M 

E3K)  *4HtOMXZO  BOSS  k  OSCCMfOCOCM  OS  03  05 « 03  05  CO  CO  •  .  I  MMM  k*~ 

MCOHWMXEHWCuWW  Ehzm  HO  COCOW  k  OOOOOO  M®0  I  *  »  *  \ 

E  X<3<H  (O  EXWC  M«“  Z M3  MM  MMMMMM  k  »ZM»-  I  . »\ 

XW®  MS  30*M® EhHWEh6h\  M  00*030  Z*M  «M  I  \  HN 

OSZinM  MBOMX4  Eh 3 * X  EKIUZOiOH  UOiU^UOiHHO  k  I  U  SQ3 

8o><Si®o3MSSIn><MsSSs8eH  £3x03^  sax  !/Sc/i&3OTcocn5(35  11  u  !  «1x  m  x 

BZNrjEEOm  kCN  fcHOSO  M  01  Eh  |  O4M  «CX  I  SOS  MOO 

OMV  «®® <N  «*\W  0303  CO  |  XOSZOS  QSOSQSfflfflCS  03.«X  I  i*l<4UJ*l 

k  HMHm  k  M  kKIU  OHO*  tn M  (OMMM  IUWMUMWXXUHX  I  »EhX  CO 

M  MM®  S  k  •UlUMflOHtOE  M03W  CO  SH  6hH6hEHSHEh®MEhMU4  |  XMXHXX 

XOZ4HOUUZ  *  MBCO  ••  EUO*HHZ  ZZZZZZHHZOH  I  ITIM03SU3® 

Eh  M*4  HZQHOhSKX  HWa  HHWf-QOSW  MMMMHMSSM  X  X»*HO«a  k 

SZOMMOM  OH  UXXSES  SUE-  SS  ISIZSEUrs  S  rr)  41ZUEIN 

cr  OZXO03  XZ  EMOUFZH  ®X0i  **EH*”  OTSJJsnsnEB  (NU4XSXIN  • 

stmwx  Q  waters® Muno  »  aoscn  cnx«—  mmcocorom  »  vno  %  \scncncn*-® 
*EH  4ZXUB  a  kO  *X  <OM  «XO  ■— «  k  k  k  k  k  k  kMX  •«- X  X  CO  »-<-<-  *M 
X  XM  OinEHOQ  *4<N£h3»-CO*-  *• .t-ueus  MM*  !N(Nk“  KNH  *S  k  k  kX  k 

tD  MO  03  M  *XMMOBM  *0  EH\  MS  Oin  M»-MSSS  SSS  XXSX  \BXnxXXN 
X3  UHXE  HUB  BEX  03  C  \\l-r-  \f*-  kNCNCN  \<< 

nXAS^NHHOhUE  O'^SOH'^H  «EM 

MWO*JV6hSS  3ZU1  *-ZM  JEXI-H  ®  X 

ehmbois  ufloHHoew  *«Ha  seh&hm®»-®  •eHfHe-eHHtH6HfHtH£H£H£HHEH«-HeHeH6H04 
4U*1«UQUHHZZHH  «<  »mCM*!S(N\  MaKl<4««X«<(«<«l  kC<i«» 4 
E  MW*4M  UWOHHH  I  EX8EEEO  k\MHaEEESEEEEESEXEE\BCEES 
OS  i»K48H3UHHO>HOB^X9XEifiM  k»-QS*4® «*««««««« SOSSK  V050S MS® 
0»-  OUHEX  M *40 03*0  V*n  ^»\H  OOOOOOOOOOOOOOIOOOO  k 

hEHS  OHcObaD'  3MM  »  »MMMX\CO  <<<OZMMMMMMMMMMMMMM  I  bbbM 

x-rMPn  jKicoHBawfMW  k-iNcn  hNcukib  »-  <- 


*C 

«c 

Eh 

EH 

*S 

M 

a 

ffl 

E 

s 

® 

CM 

k 

CN 

X 

k 

(N 

<— 

- N 

M 

\\\\ 

k 

770  k 

\ 

•  •  .CO 

\ 

M 

®®®  ffl 

\ 

Z 

MM  M*4 

04 

M 

k  k  k 

s 

(9 

xxxs 

CO 

* 

0007 

W 

k 

s 

k  k  t0— 

47 

1 

CNCNCN  • 

.  k 

1 

•  1  4® 

1 

®®®M 

< 

1 

MMM  k* 

B  3xS  ®«m3Su-|XMSMs8eh  £3h®  qqx 

BZCMXJEEOB  kCN  SH«C5  M  C/3  Eh  |  MM 
OiM\i-  «®®(N  kONja  UOOS  ®  I  SOS*® 

k  *WH-m  k  M  ktou  OHO  tn M  ®MMW 
M MM® S  k  ktOWMOOSHOTK  MRM  tn  SH 

SOa<HO(9NZ  *  M S CO  <•  SM« — M WZ 


1  » 

*  »  \ 

1  A 

..x 

I  V 

H\ 

1  u 

SOS 

1  Six 

I  SCB 

UiCD 

1  ®-e*4W3*4 

oooooeoooooooo  oooo 
LO®r-®  sok-r-i®  ain®r^®  so—cn 
®mininm<ninimn»n  in®®® 


79 


r 


ooooooooooooeeoeooooooooooooooooooooooooooooooo 
»- <m  m  (/I  vo  ao  o' o  ^  »  m  vo  «o  O' m  » in  vo  ®  w  o  ^  in  vo  p»  eo  O' o  ^  ^  i'o  m  vo  f" 

vOvOiOvovoiOvO'O'or^p'p'r'r.r^r.p'p'i^aoasoocoaocDcoaaaDaso'ovoNO'ovoNoiO'O'oioooooooo 
inininininminininininininininininininininininunnininintnininininininininininioioiovo'oioioio 

«c  x«  «e  •<>«■<•<><  wwwwwwwwx  «c  ><  *s  <«s*<<«s  •<«<*<  w  xxwwxxxx-s  «sc-e  «<  4C«e  «c 


1 

ft<C 

wn 

O  K\(NO>XX  Z 

k(k  *-3 

^■w 

in 

z 

W  UW  ft 

« 

w 

■ 

X  OS 

X  N 

O  •  ftwmow 

X  % 

ftOS 

z 

w 

OOOHWX 

MHO 

r-as 

x  hu  t  •fvia’X 

EX  ZO 

MW 

o 

K 

wnanm 

\a 

«x 

*—  in*-  h  %  «<n 

dlK"  W 

a 

M 

w 

SHWZ«N 

M 

vOM 

X  N 

in  WOSX  HW*- 

*  ft  was 

wo 

H 

w 

VOOMHN 

*, 

l.T- 

I  Ha 

mn 

N  HOMXKH * 

MVJ  MX 

HW 

M 

w 

on  as  is  ft 

Hwz 

NH 

ft  *X  ft(JWMX 

•  OS  CO 

was 

o 

M 

ft  W  UH 

- 

hHH 

\ 

w  x  xh©  m 

r-x  w*- 

XX 

z 

o 

zxcmnww 

<*HH 

•s 

w  HMiainN 

WfN^ftH  ft 

H 

o 

X 

©rnM^-«*H 

a  <z 

HkO 

W  JkV»kH\ 

ft  »\<H 

u 

X 

M»-a  Uh 

a 

wxo 

«e  » 

a  0<\  wx  » 

xN«a 

o  * 

(N 

10  «os  •  w 

X 

1 

*-a 

<N 

H  HX  *H**«H  • 

HK  o 

H 

3 

ft 

HJU900 

► 

Oar 

W  • 

kin  *<  H 

•  •PX3U 

WK 

w 

Q«C  XHM 

*1 

•*  * 

as  oO 

zo 

OS  ••  W— M 

M  W  ft NOW 

w 

z 

w 

sxm  w 

WXH 

w*- 

O— .  JBWXXW3 

•  ZQSXM 

HZ 

i/. 

fSCN 

©W 

WN  HOZHHHOI 

O  UXBkB 

wo 

H 

H 

SO'"  ftZZ 

i.* 

Z  * 

V  3HOH  O 

w  HN  W 

aw 

«4 

X 

Hz  ftXXO 

•  • 

W  ftX 

u 

x  ••  wowooz  • 

as  xoxaa 

w 

nmzM 

x  r» 

— ,-,  in 

WO  BH04Sn 

H  HMvoWO 

X 

w 

w 

asrs«s  ft  if) 

HW<N 

N  i(/)H 

an  w  wnw^x 

.—a—*  ft  >soi 

wo 

z 

z 

O  NOW 

as  » 

\HHB 

Oin«SkOWBrC0 

•ONxxmw 

ZM 

M 

M 

WCOW  «OM 

J 

5 

«D 

H  XW 

k3\HO  »  »  « 

cnw  i  cnvo  •  x 

MX 

© 

© 

W©KXS 

II 

N(rt« 

wcnH  * 

W  N  W  HXX 

HB  |  N  «oHU 

o» 

z 

z 

OHZW 

* . 

4V1H 

HU  X 

ino\wwwHhiMM 

O  1  NfM«-ZM 

z 

w 

w 

H0430Q 

% 

HWH 

HHaSlD 

Q5ZB|H3KXH\\ 

z as  i  ft  i whs 

WH 

HZBOQH 

.* 

,v 

aasz 

mo\ 

OWXXHXHZ  *  * 

XW  1  Mffl  .03 

<< 

w 

w 

wm  wxm 

V 

UWW 

ZUk\ 

XW  hI4H  •  • 

Z  1  MW  ••SB 

as 

X 

X 

MXX  VOW 

(-)  s 

MM  ft 

OXS>  HSWX 

ZO  1  ft  ftWWH 

ow 

-c 

X 

u  3Q9M 

XOvO 

OHM 

x  mu  cna^MW 

mb  *«h  X 

wo 

tn 

cn_ 

WlflEW  ftU 

•m 

uw  * 

N  Z  • 

Oin  vl04(k«lkH 

WW  i«h<B 

a 

o 

w  mhxw 

m 

asx 

QZMCO 

HHM4UXZUKO 

XinHZXKOH 

WH 

w 

w 

CO  iM<(NO< 

*H 

■ 

BHM 

BHSH 

zz  •uoa  hob 

HB4XN  WO 

KM 

X 

xas 

-4B  ftio 

1 

■ 

OWN. 

H  W  % 

<ho  mqs  oaottn 

HOmnxa  o 

XH 

H 

HO 

WXX  N 

*1 

ZH\ 

hub 

so**an«  •kxoj 

UX  ftO-OWH 

HH 

ft 

H^  HNW 

i , 

a  » 

HBSU  II 

kZkOHWM  XW 

O  ax  MOM 

<<•« 

X 

xz 

MMW4NX 

z  • 

HXZ 

W  vZQSXMCOin 

HHOOXWaH 

as 

K 

as  ft 

W  ftSX  >H 

xxr» 

<hHUi 

W  (NS  »a 

WWHCNCN  HH 

WW 

H 

HM 

Oxmusx 

UZk 

x  s 

XW  II  ZXWOIEHM 

>4k  «\Bh< 

wx 

X 

Kin  oh® 

J 

■< 

wasww 

HO  <<ZX  »X(NW 

x  hnwh 

CH 

o 

Oco 

W  ftXZHO 

*« 

X  o 

05WXH 

o.U4Hxa\x 

QlOMk  >D«IH 

w 

H 

H  ft 

NH  Uk 

* 

i 

WHO 

OMtflX 

M«X  <N m  »H 

as  UM  kk4S 

Htn 

X 

Z\kflO 

m 

ae«o 

VIZ  W 

HWWXH  .\  » 

4BSXXX  H 

X 

H 

Hm 

ON  HX 

k 

©  % 

WHO  * 

"4C3  44A  «XWZ 

aoMinm  •• 

•<x 

z 

Z  ft 

m  NO  co  Win 

"  i 

OHvO 

ws-tasx 

hlEXB  Cb  i(NJO 

mH  ft  *-ztn 

Z*" 

4S 

<\ 

in 

szm 

as  win 

DSOOHSHSH 

ub  i  *-x  ftox 

OOl 

z 

ZN 

COCO  H  * 

*  - 

M4W 

U4  03NN 

UZHUZWhl  «MM 

m  as  i  x  m  x 

M  » 

ft 

MMWXWH 

-1 

*50 

w  v 

►J  znsxKH  •  a 

1  CO  *0  HvO 

HX 

a 

3H 

S  CZ(JS 

W  WH 

khw  » 

<tw<uavuQ<H 

ubk  I  MtN^-arn 

a»» 

o  — 

OH 

WMM  Z© 

ft’ 

xk 

wzx  • 

USX  kUWHHin 

MW  1  »  • NX  ft 

<  N. — MO 

xz 

MWHW<«M 

-■ 

»*, 

HUW 

HHHH 

tllku  WOSZXW 

HH 1  ONUX 

U  -N 

w 

xh  asw 

■*w 

xzo 

ZXXW 

O  BXKBHMUB 

ZZ  1  *X<” 

SHOOK 

os 

HW  >inxz 

4 

M 

K1H 

W»-k- 

HB9HHHOV) 

WMXXWWX  N-MDXWOO 

ow 

SUM  O 

1 

J»  W 

SM9X 

XN<*xaa  wxh^xxobi  «xa  *\a^Hs  * 

xas 

9UE  *ZM 

fc 

ft«K 

*-  » 

mH  4Noo«»oooi,iMffli,iB  m  <ho 

ftOIXMZ 

OM 

aHinmHB 

».* 

XHB 

rnXx  * 

9zxmwwx  «< 

HOI  b^.,  XXWX  him  ft 

aa 

ftHoo  x  a 

i  ■ ■» 

ran- 

_  fttNCNCN 

*W(N  «  BinnkWB  »  *X  «CUX>-4H 

f«a 

ftX _ _  ftO_XW  ^tk^> 

cj 

N.O<<  »«-XNN  • 

x  NX  w  bh  osoxxoxx^  NWXNSUXX«-xw^*rnxxmo  O"” 

,  •* 

\a.«t->xcN  \\3) 

(NI/IVIHB  KM 

^»-’-CNUI  »N  BNHi4N®4NB4N  *XM  «S 

% 

X«HH 

**** *-x«W 

ri'*~XHHkH< 

w  %«i 

% 

— — ftMM«!  K  w 

«  T 

cnwo 

» 

O  H3SX3  (N  X  •  XU 

HU 

X 

US 

HNmxHO 

■- 

HHHH  OkWOH 

•HHHHVOOHHHHO 

HM1HHWHHW  •  xo  «H 

40H 

II 

<H<4SOiZBIk(n<'44«  4i«BV)<4  ««34a<IB\SHz4 

1 

Ml 

CSHOIHS 

XHXXOI  m  a 

EXXCXkxHUX  XSNXXOKXOW •  r 

u 

ass  mkkkk  • 

as  o  as  os  in  x  t uucasaasosas^  *aso 

03  C/)  SB  os  \OS  osteoses  3X(8UX0S 

omo 

00004«0*00\'*SEH  WOOOO*-  QSWOS 

O  ftOO  OQ4QH  XXQ 

»'* 

U»  S3  Z C3W Cfti  M  M  <NMOWW  WI^XX UHHHHH  kHWHOk 

r(Nn 

*-<n  r-  ^-cNm^invor*  "“(n  ^cn 

*-«N 

f- 

»■» 

^on  on  a- m  vo 

* 

£ 


o 

oooo 

o 

oo 

oooo 

o 

o 

o 

oo 

oo 

o 

X 

OlO 

»-cNooa- 

in 

vO 

SCI 

o»- 

CM 

lO 

vOWvOvO 

VO 

VOM 

P'MP*-r> 

p* 

r* 

Nft 

XX 

GO 

J  V-  - 


80 


CV 


b/ 

lV 


I 

K 


i 

ooooooooooooooooooooooooooooooooooooooooooooooo 

®a'O<-<N('O3inior-®a'O*-CN^:N<'r>3invork®o'o»-eNe’n3mxr'®0'Or*<Ne''i3mioM®cr>or-cN 

OOf  *-^^^*-^^«",^>-*CNCN<N<N(N(N(N(NCN<N<kvnrr» 

vOvOvOvOvOVOvOvOvOvOvOv^^v^vO 

44i(i<«i«4i<i<i44*<i<flOAiaifilDafld0008IOISAOOOdBOOBI&II!OOCOiaiIl 


I  <&< 

M(h 

*  *  * 

1 

—  IDS  C 

as 

C& 

* 

*  * 

1 

V  i  WS 

MCN 

o 

* 

* 

1 

\  1  XOTP» 

S  % 

* 

* 

1 

•  1  «HHr 

3-* 

X 

» 

* 

1 

x  i  sa  *. 

X 

s 

* 

* 

1 

H  1  XBM 

>8M 

* 

* 

1 

M  —  l  OUffl 

CN  CU 

% 

» 

* 

1 

M  1  r-3E  «■ 

x« 

X 

* 

* 

1 

&  •  1  «kO(0 

sja 

in 

* 

# 

1  M 

CO  1  X«-E-i 

XX 

% 

# 

* 

1  X 

►4  6-i  1  cn  oe 

MO 

X 

* 

* 

1  H 

-so  XX 

MM 

X 

* 

* 

1 

UzcnVox 

% 

* 

* 

i  a 

MHZ  »  wj- 

SO 

S'* 

* 

» 

1  z 

H  OMX  % 

XH 

H 

* 

* 

1  -8 

3zh  e*m 

•M 

s 

X 

* 

* 

i 

run 

M 

U 

* 

» 

1  u 

*  MCN  k 

O 

H 

* 

* 

1  z 

XQ  <CX 

®H 

z 

U 

* 

* 

1  M 

znzo^r- 

MX 

H 

H 

* 

* 

»  M  • 

HMO  •  %  k 

kZ 

M 

* 

• 

t  H 

UU 03  •• 

M 

03 

H 

* 

# 

1  3Z 

MO  MMM 

•  • 

H 

X 

* 

* 

I  OH 

omh  *  *u 

AM 

X 

* 

* 

I  MS 

ZUhlMM> 

-SO 

H 

U 

* 

* 

I  MH 

,<M  Ment¬ 

M 

O 

M 

* 

* 

1  MX 

os  Hr-  kQ 

VH 

z 

* 

* 

1  HU 

HO  ‘"Z 

S 

■< 

X 

* 

* 

1  BZ 

SCO 05  »h)M 

HO 

CN 

* 

* 

1  HUM 

aHbfiiU 

SH« M 

*r 

* 

# 

1 

sa  s>x 

OHX« 

k 

* 

* 

1  MX 

M05ZH  -3 

H»\< 

* 

* 

1  OH 

XUOHHS— HXXCU 

M 

* 

* 

1  3 

«fl  MXCOXXZC'  «s 

» 

* 

* 

1  HO 

sacoinwsNx  snoiu 

■* 

* 

1  Mill 

men  >oruiM  *mo 

H 

* 

* 

1  OM 

OMMXX  *xzx 

Z 

* 

<n* 

i  Men 

WMSMUXWMSNXO 

M 

*  H# 

1  coos 

mm  «cncN  csvnH 

O 

*  Z# 

1  o 

mu  i  e*-xxz\  * 

Z 

*  M* 

1  cox 

MH  1  M«-\3M  >(NH 

H 

#  H* 

1  H 

U CU  |  «  »  %  M  tZ 

*3* 

1  HO 

Hen  i  xxo.cn  a  no  *e 

O 

•* 

o* 

1  —305 

a.  i  (*icnb  *  w  r-3 

z 

# 

z* 

1  Mhu 

MX  1  %\CO®  MXUU 

H 

*  X* 

i  ax 

H  1  OX  MMCO  O 

E 

•  a* 

i  U 

ta  H  1  «  »X  *— !  »  o 

E 

*  x* 

1  MM 

HZ  |  OS3M6-KN  ”H 

U 

* 

* 

1  -V! 

6-1 H  1  HZ  «*”X  *M 

u 

* 

* 

i  um 

Z  XX  *  CN  «ZfflWO 

u 

* 

* 

i 

hcn»-xx  •  MH«.ao 

05 

* 

* 

i  *  * 

X3in®®mox  on® 

X 

» 

» 

1  M 

®  »  »  »  «Mom  oo 

r* 

* 

* 

1  CO 

3XX  «*<n  iWn..Om 

M 

* 

* 

1  M 

kCNCN—l  .XOS  «HZ  k 

—  % 

* 

* 

1  H 

X  XXO.MCN  XX-JX 

*“X 

* 

* 

i  a 

CN  \\XHe  *05 (NO  CN 

«(N 

* 

* 

1  H 

» 

* 

1 

*XQQ*  Mr 

# 

* 

1  H 

C-HHXr-Ol  H3^H 

HH 

* 

* 

1  Z 

<C«!CN  kWO-3  k— 

<< 

* 

* 

1  M 

SSSX**03ZSXr-*! 

EX 

* 

* 

1  H 

0SSBSSXM  M  HOMOS 

asosu* 

* 

i  a 

OOO  X9B  O  *  <0-30** 

* 

•  o 

MMM 1 ZZXMM  MZMMM# 

* 

1  OS 

rCNCIJ  i— CN  *- 

* 

* 

1  X 

* 

* 

t  a 

* 

* 

i  m 

OOO 

o 

o 

oo 

*  *  #  1  1 

®3in 

X 

r* 

*  #  *  1  1 

®oo® 

® 

® 

®® 

uuuuuuuu  u 

!< 

< 

H 

H 

X 

% 

X 

-s 

H 

H 

X 

k 

H 

H 

X 

% 

X 

Ou 

M 

-1 

% 

o 

— k 

CN  O 

rn 

X 

«8 

CN 

w  3 

Oj 

M 

H 

H 

o 

Ou 

X  O 

a» 

«S 

X 

H 

X  H 

cn 

% 

k 

O 

1 

-k  O 

i 

H 

m 

IS 

<-  O 

u 

X 

M 

a.  ^ 

04 

k 

X 

— k 

X  — . 

s 

u 

N 

— » 

X  — 

cn 

M 

k 

CN 

-r  rr 

X 

•c 

w 

V  w 

V 

k 

<r>  M 

H 

ou 

—  a. 

fcH 

k—  W 

H 

X 

-k  X 

X 

M  U 

X 

X 

cn  in 

rn 

in 

3  M 

k 

• 

""■T  ( 

k  ®-k 

w 

Oi 

M  eje 

a# 

— .  *  M 

£U 

U 

3  M 

3 

M 

rn  inw 

O 

• 

1  • 

1 

in 

ou 

M 

—i 

*— >  — k 

M 

U  «M 

m 

— 

f*  •— 

H 

M  +C0 

k**  ** 

a 

IS 

a. 

m  a. 

&4 

M 

»  M  — 

> 

X 

3  X 

3 

M0M-I 

X 

' —  X 

H 

®  «U~' 

** 

k^ 

Z 

u 

•o 

x  »o 

cn 

M 

o.  ii  in  x  w 

H 

H  • 

OHXHH  • 

OWffl 

H 

EH  II  COO 

<< 

oo 

<03000 

ir>3*s 

a 

in  _ii  z 

M 

Z  II 

Z  II  ZZ  II 

*  h 

o 

OM— JH 

a 

•  r* 

OM»-M  »CN^ 

O  W<N 

05 

M*“  WMH 

u 

1  H  6->  -!  H  1 

X 

C  O'^Z 

M 

ZHZ  HO 

an 

a 

HOMmo 

« 

II  MM  ||  QOHOMM  »  OOH 

m 

XQICI3U 

U 

nMxrjuuxuMxnoux 

O  O  O  o 

!"UUO  CN  m  ^ 


81 


oooooooooooooooooooooooocooooooooooooooooooooooo 
i'oarinxpn®0'©^<N<T>»inxrn®®'©^nim3rm,,”(N<,'t»inxM®C'o^<Nfn»inxM^(Nr'’>»inxp'CO 
mmm<rirr)rr>er)999999  aa-^zunnintnmin 

®®m®  ox®  ©fflxenmofflXfflinfflfflfflfflfflfflOUU  uuuuu  uoouucjuo  uqqocoqqq 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1  1 

1  1 

1  1 

1  1 

1  1 

1  1 

1  C3  1 

1 

1 

1  z  1 

1 

1 

1  M  1 

1 

1 

1  H  1 

1 

W  1 

1  c  1 

1 

Q  1 

1  X  1 

1 

3  1 

1  W  1 

1 

H  1 

1  X  1 

1 

W  f 

1  O  1 

1 

H  1 

1  | 

1 

J  1 

1  H  1 

1 

<  1 

1  «C  1 

1 

H  t 

1  W  1 

1 

<<  i 

1  X  •  1 

1 

•  i 

1  3M  1 

1 

MM  1 

1  HX  1 

1 

XM  1 

1  *33  1 

1 

9>  1 

1  XH  1 

1 

COM  1 

1  W<  • 

1 

xn  i 

1  XX  I 

1 

Od  | 

1  CB  1 

1 

K«t  | 

1  WX  | 

o 

m 

1 

04  M  1 

1  HX  1 

VO 

o 

1 

x  i 

X 

1  U  1 

04 

® 

1 

W  | 

m 

1  WH  1 

o 

X 

1 

OH  i 

CN 

1  O  1 

Eh 

x 

O 

1 

<*  i 

• 

1  M  1 

i 

H 

n 

1 

O  i 

0 

m 

1  OX  1 

O 

• 

1 

MU  1 

r— 

♦ 

1  MX  1 

O 

CN 

O 

H 

cn 

1 

HX  1 

,0-* 

* 

1  H  1 

O 

•< 

\ 

1 

•<3  | 

<« 

0 

1  -SO  ' 

04 

O 

a 

1 

asm  i 

H 

H 

1  XH  1 

X 

M 

1 

m  i 

M 

H 

1  1 

<* 

in 

A 

11* 

«—*  m 

1 

xw  i 

QU 

O 

C*4 

1  XX  1 

H 

m 

O 

\ 

1 

was  l 

Q 

O 

•< 

1  BZ  1 

W 

W 

V 

• 

M  M 

1 

H  O4  1 

% 

X 

1  HO  1 

X 

04 

i 

o 

rn 

1 

-c  | 

H 

* 

1  «SM  1 

H 

X 

• 

o<  S 

1 

MU  1 

£ 

A 

X 

1  MM  | 

X 

X 

H 

fcH 

x  + 

» 

3  X  1 

O 

O 

1  3H  1 

% 

* 

M 

w 

CO  _ 

1 

UH  1 

Oi 

t 

1 

1  UQ  1 

H 

O' 

wu 

• 

U1 

*  CN 

1 

M  1 

** 

O 

m 

1  fUZ  t 

t*4 

s 

♦ 

m  ** 

1 

<0  1 

• 

3" 

1  «o  1 

• 

1 

n 

CN 

H  M 

1 

UH  1 

0 

0 

X 

1  uu  1 

O 

«s 

Pd  X 

1 

1 

M 

Od 

t~- 

1  1 

M 

CN 

<N 

H 

fc-t 

IU  CSJ 

1 

M  | 

M 

-c 

• 

CO 

1  ••  1 

H 

*u 

u 

^  + 

1 

O  l 

< 

H 

H 

• 

1  0  1 

«< 

0* 

Bu 

o 

X 

1  4— 

1 

H  1 

X 

M 

X 

X 

1  w  1 

as 

«< 

X 

X 

M 

♦ 

rn  4ZZ.  *- 

1 

H  l 

X 

U 

«< 

1  H  1 

H 

H 

x 

Oh 

1 

*2  1 

Q 

X 

1 

1  ■<  1 

w 

•< 

M 

1 

as  1 

w 

% 

0 

1  x  1 

W 

X 

•o 

X 

• 

H 

II  M  X 

1 

Ui  1 

z 

fe“* 

*0 

• 

1  H  1 

z 

H 

UH  , 

OBfflWHOOMBW 

H3BH 

1 

1 

w 

W 

H  • 

0  w«-  w 

1  1 

M 

X 

aoo 

P34SO  iCOOS 

II  s— ’ 

1 

w  1 

H 

•< 

Qv(NOH3 

1  u  1 

H 

% 

ZZ  II 

Z  II  zzo 

•K. 

O— Z  It 

z 

1 

z  1 

3 

X 

Z  II 

Z  II  zz 

1  z  1 

3 

H 

M  •P0«“ 

OHflH  •  ||  OH  II  M 

©HM«1 

e 

1 

M  1 

O 

**80H««MM 

1  M  1 

O 

Eh  w-5  1  HEh»«!Eh'^<  HEh<I  H 

«-n- H* 

3 

1 

H  1 

05 

M 

— HHHHH3 

1  H  1 

X 

-4 

z  nr 

ZHZ  H 

ZHZ 

HZQi 

HQ 

1 

3  | 

X 

-8 

M 

ZMZHC 

1  3  1 

X 

4 

OHM H  OOMOHWOQMO 

QEOhl 

MUZ 

1 

O  1 

3 

W 

BWOOMOBZ 

1  O  1 

a 

MU 

UHonuuouHnuuou 

QNU< 

X  Dd 

1 

X  1 

m 

X 

HOUOOUDSB 

1  X  1 

X 

05 

1 

03  1 

1  X  1 

1 

3  t 

1  3  1 

1 

10  1 

1  X  1 

O 

1 

1 

1  1 

o 

O  C 

O  O 

o 

1 

1 

O  O 

1  1 

in  x  m  ®  ctnuu  *-  u  uuuuu  u  u  ***  in  uuuuu  u 


I  I  I 

oeooeoooooooooooooooooeooooooooooooooooooooooooo 

^o^<Nr"i«“{N«'"i4»'invo(*>ooo'©*,,<NfTi^'<NrosrinkOf“‘®eNO»”rsiro^*“rsi<''>a'ir>vef*‘®CT'0^,c'ji"'>c7invo 


OOaOOMHHUftlUUHHUUIUUb.>ihhhft<hh(hft<lk,hhkUUUUUUU(;UUUU(3UUU 


i  i 

i  i 

i  i 

i  t 

1 

1 

1 

1 

1 

1 

1 

X  1 

i  i 

1 

O  1 

i  i 

1 

H  1 

i  i 

1 

Z  1 

i  h  i 

1 

W  1 

i  w  i 
l  I 

1 

1 

X  1 
cu  •  i 

i  h  i 

1 

—'©  i 

1  Z  1 

t 

Z  1 

1  EM  1 

1 

BO  1 

1  X  1 

1 

WM  1 

1  W  1 

1 

3H  1 

1  an  1 

1 

Oh  i 

1  U  1 

1 

cua  i 

1  Z  1 

1 

WZ  1 

1  M  1 

1 

©o  • 

1  1 

1 

xu  i 

1  ©  1 

1 

O  1 

1  EM  1 

1 

SO  1 

1  3  | 

1 

Z  1 

1  O  1 

1 

MM  1 

i  a*  t 

X 

1 

HH  1 

1  MM  | 

M 

1 

mw  i 

i  ©  i 

X 

1 

UK  1 

i  w  i 

M 

1 

OW  1 

1  O  1 

* 

1 

MW  | 

I  X  •  1 

W 

1 

WO  1 

i  ©  i 

H 

1 

>  J 

1  09=  1 

EM 

1 

H  1 

- 

I  asO  1 

X 

1 

O  «=  i 

CU 

CO 

1  WM  1 

H 

1 

X  1 

X 

CO 

1  NfH  1 

© 

1 

W-.I 

© 

vO 

1  H  1 

» 

1 

NX  | 

cu 

• 

1  WO  1 

w 

1 

HU  | 

% 

® 

1  XZ  1 

H 

1 

WZ  1 

z 

M 

1  HO  1 

M 

X 

1 

XO  1 

ft 

in 

1  U  1 

« 

M 

I 

HO,  1 

w 

\ 

1  ©  1 

O 

X 

1 

W  | 

M 

1  WO  1 

% 

n 

1 

©©  1 

w 

© 

1  HZ  1 

w 

% 

1 

WK  1 

X 

© 

1  WM  1 

X 

w 

w 

1 

ssi 

ft 

© 

1  MH  1 

cu 

H 

H 

1 

X 

• 

1  3W  1 

M 

w 

EM 

1 

M  | 

M 

O' 

i  Oa:  i 

w 

X 

X 

( 

3H  t 

X 

© 

1  MW  1 

ftft 

H 

M 

1 

UW  1 

ESJ 

1  WCU  1 

© 

© 

1 

MW  1 

1  UO  I 

H 

% 

* 

1 

WX  1 

* 

1  1 

M 

w 

W 

1 

U©  1 

cu 

1  44  1 

W 

H 

H 

1 

1 

X 

H 

1  H  1 

H 

M 

M 

1 

M  | 

w 

I  M  1 

X 

W 

w 

1 

a*  i 

> 

ftft 

1  W  1 

N 

a 

Q 

1 

X  1 

N 

H 

1  M  1 

ft 

* 

1 

©  i 

© 

1  X  1 

M 

W 

W 

1 

S»  1 

M 

o< 

1  N  | 

Z 

X 

X 

1 

N  1 

Z 

© 

1  1 

M 

cu 

cu 

1 

I 

H 

It 

1  W  1 

H 

© 

w 

! 

W  1 

H 

W 

Z 

•  Z  | 

3 

w 

w 

Z 

1 

Z  1 

3 

H 

X 

1  M  1 

o 

II 

X 

1 

M  | 

o 

M 

3 

1  H  1 

X 

M 

X 

9 

1 

H  1 

as 

X 

HO  I  3  | 

© 

W 

M 

HQ 

1 

3  1 

EU 

H 

W>  I  O  1 

3 

M 

X 

wz 

1 

O  • 

3 

© 

as  W  i  as  i 

© 

X 

N 

xw 

1 

X  1 

© 

1  X  1 

1 

©  1 

l  w  1 

1 

3  1 

l  ©  1 

1  1 

1  1 

t 

1 

1 

©  1 

1 

1 

uuuuu  u  u  u 


1 

«  1 

1 

Z  1 

1 

1 

MH  1 
HW  1 

1 

1 

1 

1 

1 

WW  1 
KX  1 
W©  •  1 
04  H  1 
OBB  1 

1 

OW  • 

1 

» 

HHK  1 
WOU  1 

t 

1 

1 

«K  1 
W  M  1 
HMW  1 

1 

WX  1 

H 

1 

BHU  1 

M 

1 

ox  i 

w 

© 

1 

ZHH  I 

w 

• 

1 

O  I 

z 

o 

1 

MZM  I 

ft 

1 

WWW  1 

04 

+ 

I 

>  t 

X 

ox 

t 

MMQ  1 

© 

1 

wow  | 

04 

cu 

1 

3  K  1 

ft 

OX 

1 

WWM  1 

z 

H 

HW 

1 

3  1 

ft 

M 

X 

1 

WKOM 

w 

W 

o* 

1 

sow  t 

H 

EM 

1 

HhB  1 

W 

Z 

PH 

1 

1 

© 

ft 

— o 

1 

©©K  1 

ft 

X 

1 

WZU  1 

X 

X 

o«- 

1 

HOX  1 

x 

cu 

W 

1 

WMO  1 
MHCU  | 

cu 

X 

H 

1 

X 

© 

40 

w 

1 

3 MW  | 

© 

as 

H  •  O 

© 

1 

UQ©  I 

K 

ft 

OM  • 

X 

LJ 

\ 

1 

MZK  1 

x;  t  )  L)  t 

EU 

•  1  o 

IH 

1 

w  W  I 

•*4 

X 

M 

1 

uux  1 

H 

© 

zz  ♦ 

N 

X 

1 

1 

M 

04 

X 

ft 

N 

t 

4  4  1 

W 

ft 

HH  X 

a* 

# 

1 

H  t 

o 

cu 

WW  cu 

X 

1 

M  i 

M 

X 

OO  X 

© 

Z 

1 

W  | 

W 

© 

MM  © 

W 

1 

O  1 

w 

CM  Em  X 

ft 

H 

1 

M  | 

W 

ft 

4 

WZ 

w 

1 

W  1 

z 

wz 

4*  m 

H 

O 

1 

1 

M 

H 

ftftOWO 

WK 

M 

1 

W  1 

H 

WX 

O  *<NO  • 

©W 

W 

z 

1 

Z  | 

3 

©w 

Z'”'  Z*» 

o 

It 

K 

1 

M  1 

o 

« 

•  II  OH  II 

MW 

04 

3 

1 

H  1 

X 

MW 

'—CUg-HCU 

WH 

X 

HQ 

1 

3  1 

© 

WH 

X  zx 

WZ 

© 

WZ 

1 

O  1 

3 

WZ 

EM©00  © 

KM 

04 

KW 

t 

K  1 

© 

XM 

MWCSUW 

1 

©  I 

1 

w  | 

1 

©  1 

© 

u  «- 


u  u 


UUUUU  u 


u  u 


uuuuuu  u 


OOOOOOQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOO 

r->»-»~(N<N  »-»-4-4-*—  *-  t- 

UOOOOBSXSBSSSBSBIlaHHHHHHHHHHHTWOninm 


1 

1 

1 

1 

1 

M  1 

1 

1 

1 

1 

1 

1 

O  I 

1 

1 

| 

1 

i 

W  1 

Eh  1 

X  1 

i 

a  i 

S  4  1 

O  1 

i 

Eh  i 

CSX  I 

M  1 

i 

i 

MM  1 

1 

— 

i 

as  i 

MEH  1 

M  1 

Q 

i 

O  1 

XM  1 

S  1 

X 

i 

M  1 

S  1 

in  i 

M 

i 

1 

04  1 

X  1 

> 

i 

E-4  1 

H 

MX  | 

i 

% 

i 

as  i 

X 

MM  | 

a  i 

a 

i 

is  i 

o 

m3  04  1 

X  1 

X 

i 

M  1 

M 

«<  | 

M  1 

M 

i 

U  1 

a 

Eh  V)  1 

1 

□4 

i 

at  i 

M 

U 

01 M  | 

M  1 

a 

i 

4  | 

% 

M 

X  1 

U  1 

u 

i 

h)U  1 

U 

X 

MEh  1 

X  1 

K 

WJ  1 

M 

* 

S  1 

M  1 

X 

i 

saw  i 

X 

V) 

OU  1 

K  1 

04 

i 

MM  I 

* 

IN 

MW  1 

a  i 

% 

i 

O  1 

03 

4 

HH  1 

a  i 

X 

i 

MX  1 

M 

■¥ 

43  | 

X  1 

M 

i 

-6  04  1 

X 

S  1 

H  | 

E 

i 

Eh  1 

» 

cn 

WM  I 

i 

> 

i 

oas  i 

M 

a 

HX  1 

>4  1 

% 

i 

HO  1 

M 

K 

oi  a  r 

MM  1 

m 

Q 

i 

W  | 

X 

U 

M  t 

SO  1 

a 

z 

i 

MV)  1 

% 

> 

15  1 

1  X  1 

X 

U4 

i 

sen  i 

in 

*H4 

HX  I 

>M  1 

u 

04 

i 

Hw  l 

a 

H 

Eh 

XM  1 

Mat 

X  1 

> 

» 

i 

S  1 

as 

X 

M 

finen  i 

M 

01  a  1 

4» 

g 

i 

cn  i 

u 

w 

O 

a  i 

M 

MQ  1 

X 

i 

MO  1 

> 

M 

J 

cn  i 

X 

EhX  I 

M 

xo 

M 

i 

eh  M  1 

% 

a 

M 

mm  i 

% 

MM  1 

> 

MX 

a 

1 

aci 

u 

15 

M 

« 

tut 

MX  1 
MW  1 

>4 

X 

m3  1 

ax  1 

% 

X 

«H 

ca 

• 

aw  i 

X 

U 

U 

MO  1 

is 

UM  l 

X 

O  » 

# 

i 

UU  1 

as 

M 

X 

ax  i 

H 

ME  1 

04 

OX 

i 

WM  1 

hh 

X 

X 

UU  1 

X 

M  |  1 

HH 

CN«S 

04 

i 

<<04  | 

» 

* 

M  1 

>• 

U>  1 

H-X 

X 

i 

ui n  i 

so 

IX) 

n 

MX  1 

03 

1 

Q 

x> 

cn 

i 

i 

at 

M 

M 

UM  1 

EH 

O 

1 

X 

M  » 

M 

i 

•  4  | 

w 

XV) 

X 

1 

JC 

UM 

M  | 

M 

»V) 

i 

SO  1 

M 

•o 

♦ 

*4  | 

O 

* 

U  1 

X 

«a 

♦ 

i 

a  i 

a 

<03 

<< 

EH  1 

X 

* 

Z  1 

M 

— X 

i 

h4  1 

M 

MO 

M 

X  1 

M 

CN 

W  I 

S 

OU 

4” 

04 

i 

U  1 

x> 

X 

15  1 

t 

X  1 

os» 

♦ 

s 

i 

a  i 

M 

»  » 

* 

X  1 

M 

-C  1 

M 

IN  » 

M 

VI 

i 

M  1 

X 

MX 

M  1 

X 

♦ 

S  1 

X 

MH 

H“ 

W04 

i 

i 

w 

o 

4 

1 

M 

O 

1 

M 

X 

X 

a*-' 

i 

H  | 

Eh 

XX 

II 

M  1 

EH 

t 

W  1 

H 

XX 

tnx 

as  ii 

as  i 

X  1 

a 

XH 

EH 

X 

X  1 

a 

in 

X 

z  | 

a 

MM 

a  M 

HS- 

x  i 

W  I 

o 

15 

X 

X 

M  1 

o 

S 

X 

M  1 

o 

IT 

X  II 

HiJ 

a  i 

H  | 

ce 

pJM 

m3 

a 

Eh  i 

X 

ll 

a 

H  1 

X 

JU 

UU 

xm 

HQ  1 

a  i 

as 

MM 

M 

EHO 

a  t 

03 

M 

EH  03 

3  1 

X 

MM 

»x 

O  mm 

MX  1 

O  1 

a 

MX 

a 

MX 

O  1 

a 

W 

MX 

O  1 

a 

MX 

II  X 

ux 

CBM  | 

as  i 

cn 

KM 

M 

XH 

X  1 

in 

3 

XM 

03  1 

in 

XM 

M04 

1 

ca  i 

a  i 

ca  i 

1 

a  i 

a  i 

3  I 

1 

i 

cn  i 
■ 

V)  | 

i 

cn  i 

i 

Oil  ll  II 

IN  U  UUUUU  U  <->  U  UUUUU  U  O  UUUUU  U  U 


oeooooeooooo 
&  ui  vo  r*»  co  ©  *-■ <Mi nn  9  in 

«—  •"  i»  •”  r*  »— CM  CM  <N  CM  CM  CM 


oo 

(N»- 


OO 

Eh  Eh 

OO 

OO 


itiaa  II  He^OSMM 
ktSHOOhSOS 
>0.  ZZ9»CUZZ  Z 
II  II  O  •  •  H  II  HH  0 B 

aoN*^>ooKH  o 

ZZ  ZZZZ  HCJ 

WMOIXIhMNOO  MZ 
>QiOHH»ftUU  ®W 


OO 

*-<mu 


APPENDIX  E 


HELICOPTER  POWER  CALCULATIONS  FOR  THE  HP-41C 


This  appendix  contains  3  programs  developed  for  use  with 
the  HP-41C  programmable  calculator.  They  are: 

1.  "POWER”  which  computes  the  total  rotor  shaft 
horsepower  required  for  a  helicopter  in  forward 
flight  or  hover. 

2.  "VE”  which  utilizes  "POWER”  to  calculate  the 
maximum  endurance  velocity  and  power  required  at 
that  velocity. 

3.  "VMR"  which  utilizes  "POWER"  to  calculate  the 
maximum  range  velocity  and  power  required  at  that 
velocity. 


POWER 


1.  Purpose 

This  program  calculates  the  total  power  of  a  helicopter 
in  hover  or  in  forward  flight.  It  links  13  basic  subrou¬ 
tines  developed  in  [Ref.  24]  into  a  single  program  to  enable 
quick  calculation  of  total  power  after  one  initial  input  of 
the  basic  helicopter  design  data. 

a.  The  program  features  are: 

(1)  One  input  of  design  data. 

(2)  Ability  to  change  PA,  T,  and  V  rapidly  for 
repetitive  calculations. 

(3)  Single  output:  Total  power  required  with  tip 
loss. 

(4)  Incorporation  of  main  rotor  and  tail  rotor 
calculations  in  each  subroutine. 

(5)  Easy  access  by  other  programs  for  calculation 
of  power  required. 

(6)  Designed  for  iterative  use  (e.g.  calculation  of 
maximum  endurance  velocity  or  determination  of 
many  points  to  generate  power  curve), 

(7)  Intermediate  design  and  performance  values 
(such  as  disk  area  or  profile  power)  are  stored 
and  easily  accessed  if  needed. 

b.  The  program  limitations  are: 

(1)  Only  a  rectangular  rotor  blade  may  be  used  (or 
equivalent  chord  separately  calculated). 

(2)  Only  hover  and  forward  flight  powers  may  be 
calculated  (climbing  flight  is  not  included). 

(3)  All  calculations  are  for  an  out  of  ground  effect 
condition. 


c.  The  basic  programming  technique  used  is  to  combine 
main  rotor  and  tail  rotor  calculations  into  single 
subroutines  by  one  of  two  methods  (depending  upon 
which  used  the  fewest  bytes  of  program  memory): 

(1)  Calculation  of  the  main  rotor  characteristic 
(e.g.  solidity)  then  calculation  of  the  corres¬ 
ponding  tail  rotor  characteristic  separately. 

(2)  Calculation  of  the  main  rotor  characteristic 
(e.g.  tip  loss  factor,  B),  continuation  of  pro¬ 
gram  and  calculation  of  tail  rotor  thrust  (which 
requires  main  rotor  total  power  to  be  first 
computed).  Then  flag  02  is  set  and  program  execu¬ 
tion  is  returned  to  the  subroutines  where  the 
tail  rotor  characteristics  are  calculated.  In 
these  subroutines,  the  same  equation  steps  as 
those  for  the  main  rotor  are  used  but  tail  rotor 
values  are  recalled  for  the  computations.  The  flag 
02  tells  each  subroutine  to  use  tail  rotor  values. 

The  calculated  value  of  total  power  required  is  displayed 

as  follows: 

Display:  Explanation: 

PT  »  Helicopter  total  rotor  shaft  horse¬ 

power  required  (out  of  ground  effect 
with  tip  losses) 


2.  Equations 

All  equations  were  taken  directly  from  [Ref.  24].  Tip 
loss  is  assumed  in  the  calculation  of  induced  power  and  all 
calculations  are  for  an  out  of  ground  effect  condition.  The 
basic  equations  used  in  each  subroutine  are  listed  below. 

a.  Equations  used  twice  in  each  subroutine;  once  for  the 
main  rotor  and  once  for  the  tail  rotor: 

VT  -  QR 


o  = 


be 

ttR 


CT 


A^pV^” 
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where : 

R 

0 


is  the  disk  area  (ft) 
is  the  rotor  radius  (ft) 
is  the  solidity 
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is  the  rotor  chord  (ft) 

is  the  number  of  rotor  blades 

is  the  rotor  tip  velocity  (ft /sec) 

is  the  rotational  velocity  of  the  rotor  (rad/sec) 

is  the  coefficient  of  thrust 

is  the  thrust  required  for  the  tail  rotor  (lb) 
is  the  air  density  (slugs/ft) 
is  the  tiploss  factor 

is  the  induced  velocity  (ft /sec) 

is  the  induced  velocity  in  forward  flight  (ft /sec) 

is  the  forward  velocity  (ft /sec) 

is  the  induced  power  required  with  tip  loss  (hp) 

is  the  profile  power  required  (hp) 

is  the  profile  drag  coefficient 

is  the  parasite  power  required  (hp) 

is  the  equivalent  flat  plate  area  in  forward 
flight  (ft) 

is  the  total  power  required  by  the  main  rotor  (hp) 

is  the  thrust  of  the  main  rotor  (lb) 
is  the  gross  weight  (lb) 

is  the  distance  between  tail  rotor  hub  and  main 
rotor  mast  (ft) 

is  the  density  altitude  (ft) 

is  temperature  (absolute) 

is  the  standard  sea  level  temperature  (absolute) 
is  a  constant  =  6.875  x  10 
is  pressure  altitude  (ft) 
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4.  Example  Problem  and  User  Instructions 

Find  the  total  rotor  power  required  for  a  helicopter 
under  the  following  conditions: 

Main  Rotor  Tail  Rotor  Aircraft 


C  ■  1.50  ft 

C  =  0.50 

ft 

L<tail>  =  : 

23.50  ft 

R  *  20.0  ft 

R  *  3.00 

ft 

W<gross>  = 

7,000  lbs 

b  -  4 

b  =  2 

F.P.A.(FF) 

=  21.2 

CdO  *  0.01 

CdO  =  O.i 

014 

VF  =  0  kts 

(hover) 

RV  =  31  rad/ sec 

RV  =  139 

.5  rad/sec 

Environmental:  PA 

-  0  ft 

T  =  59  F 

(standard  sea 

level ) 

Keystrokes: 

Display : 

(XEQ)  (ALPHA)  POWER  (ALPHA) 

HELO  DATA 

(R/S) 

W=? 

7000.0  (R/S) 

RV(mr )=? 

31.0  (R/S) 

b  (  mr ) = ? 

4  (R/S) 

C(mr )=? 

1.50  (R/S) 

CdO(mr  )=? 

0.01  (R/S) 

R(mr )=? 

20.0  (R/S) 

F.P.A. (FF)=? 

21.2  (R/S) 

RV( tr )=? 

31  (R/S) 

b(tr )=? 

2  (R/S) 

C(tr )=? 

0.50  (R/S) 

CdO(tr )=? 

0.014  (R/S) 

R( tr )=? 

3.00  (R/S) 

L<TAIL>=? 

23.50  (R/S) 


PA=? 


0.0  (R/S) 
59.0  (R/S) 
0  (R/S) 


T=? 


VF=? 

PT  *  660.08 

To  calculate  the  power  required  at  a  different  V  for  the  same 
helicopter  at  the  same  altitude  and  temperature,  execute 
"PI"  with: 

VF  *  100  kts 

Keystrokes:  Display: 

(XEQ)  (ALPHA)  PI  (ALPHA)  VF  =  ? 

100  (R/S)  PT  =  531.87 

To  calculate  the  power  required  at  any  V  for  the  same  heli¬ 
copter  at  a  different  altitude  and  temperature,  execute  "DA" 
with: 

VF  =  100  kts 
PA  *  4000  ft 
T  =  95  F 


Keystrokes: 

(XEQ)  (ALPHA)  DA  (ALPHA) 

4000  (R/S) 

95  (R/S) 

100  (R/S) 

5.  Programs  and  Subroutines  Used 
"POWER" 

"AREA"  calculates  Disk  Area 

"SD"  calculates  Solidity 


Display : 

PA  =  ? 

T  =  ? 

VF  =  ? 

PT  =  471.22 


I 


MVT,f 


calculates  Rotor  Tip  Velocity 
99 


DA" 

calculates 

Density  Altitude 

DEN" 

calculates 

Air  Density 

'CT" 

calculates 

Coefficient  of  Thrust 

TL" 

calculates 

Tip  Loss  Factor 

'VI" 

calculates 

Induced  Velocity 

PI" 

calculates 

Profile  Power  with  tip  loss  OGE 

PO" 

calculates 

Profile  Power 

'PP" 

calculates 

Parasite  Power 

calculates 

Total  Main  Rotor  Power 

THRUST" 

calculates 

Tail  Rotor  Thrust  required 

ip'JMf 

calculates 

Total  Power  required 

6.  Storage  Register  Utilization 

Table  VII  and  VIII  show  specific  storage  register  content 


Note:  Registers  00-09  are  considered  temporary  and  are  also 
used  by  other  programs. 


Storage 

Register 


00 

CMR  " 

01 

Him 

02 

fiMR  " 

03 

Ctr  - 

04 

Rtr  - 

05 

Pi 

XMR 

06 

P 

°MR 

07 

Pp-] 

08 

\r 

09 

P°tr 

10 

bMR  “ 

11 

W  -  tl 

12 

CdoMR 

13 

ff 

14 

btr  ' 

15 

16 

Xtr 

17 

Qtr  ~ 

18 

T  -  o 

19 

hp  - 

Stored  Quantity 

lin  rotor  chord  (ft) 

-  main  rotor  radius  (ft) 

rotational  velocity  of  1 
(radians/sec ) 


-  main  rotor  induced  power  with  tip 
losses  (hp) 

-  main  rotor  profile  power  (hp) 


-  tail  rotor  induced  power  with  tip 
losses  (hp) 

-  tail  rotor  profile  power  (hp) 


W  -  the  weight  of  the  helicopter 

-  the  average  profile  drag  coefficient 
for  the  main  rotor 


forward  flight  calculations  (ft) 


-  the  average  profile  drag  coefficient 
for  the  tail  rotor 


hub  to  the  tail  rotor  hub  (ft) 

rotational  velocity  of  the  tai: 
(radians/sec ) 


Storage 

Register 

20 

Vf  - 

Stored  Quantity 

forward  velocity  (ft/sec) 

21 

hn  - 

density  altitude  (ft) 

22 

p  -  air  density  (slugs/ft) 

23 

V 

-  the  main  rotor  disk  area  (ft) 

24 

\r 

-  the  tail  rotor  disk  area  (ft) 

27 

VT 

amr 

-  velocity  of  the  main  rotor  tip  (ft/sec) 

28 

VT 

tr 

-  velocity  of  the  tail  rotor  tip  (ft /sec) 

29 

c? 

amr 

-  the  coefficient  of  thrust  for  the  main 
rotor 

30 

Crj, 

Atr 

-  the  coefficient  of  thrust  for  the  tail 
rotor 

31 

V 

-  induced  velocity  of  the  main  rotor 
(ft /sec) 

32 

-  induced  velocity  of  the  tail  rotor 
(ft/sec) 

33 

bmr  ' 

-  the  tip  loss  factor  for  the  main  rotor 

34 

Btr  * 

■  the  tip  loss  factor  for  the  tail  rotor 

35 

PT 

MR 

-  the  total  power  required  for  the  main 
rotor  (hp) 

36 

Ttr  ' 

-  thrust  required  for  the  tail  rotor 
( ft-lb/sec ) 

37 

PT  “ 

total  power  required  for  the  helicopter 
(hp) 

102 


37 


Program  Listings 


81*isl  'Poher* 

51  RCL  04 

181  32 

81  -HELO  BATO- 

52  Xt2 

102  - 

03  ftVIEW 

53  PI 

103  .5555 

04  STOP 

54  * 

104  * 

05  '«=?' 

55  STO  24 

185  273.16 

06  PROMPT 

56  CLX 

106  + 

07  STO  11 

57*LBL  'SB- 

187  / 

08  *RV<NR>s?' 

58  RCL  10 

108  238.16 

0?  PROMPT 

59  RCL  00 

189  * 

18  STO  17 

60  * 

118  .23496 

11  'b<MR>=?* 

61  RCL  01 

til  YtX 

12  PROMPT 

62  / 

112  CHS 

13  STO  10 

63  PI 

113  1 

14  *C<MR>*?' 

64  / 

114  » 

15  PROMPT 

65  STO  25 

115  6.875  E-06 

16  STO  80 

66  CLX 

116  / 

17  -CdO<HR>=?* 

67  RCL  14 

117  STO  21 

18  PROMPT 

68  RCL  83 

!  18»LBL  'BEH' 

19  STO  12 

69  * 

119  RCL  21 

20  *R<HR>=?" 

79  RCL  84 

120  6.875  E-06 

21  PROMPT 

71  / 

121  * 

22  STO  01 

72  PI 

122  CHS 

23  -F.P.fl<FF>=?- 

73  / 

123  1 

24  PROMPT 

74  STO  26 

124  + 

25  STO  13 

75  CLX 

125  ENTERt 

26  *RV<TR>s?‘ 

76*LBL  'VT' 

126  4.2561 

27  PROMPT 

77  RCL  81 

127  YtX 

28  STO  02 

73  RCL  17 

128  .0923769 

29  -b<TR>=?" 

79  * 

129  * 

38  PROMPT 

30  STO  27 

130  STO  22 

31  STO  14 

31  CLX 

131  CLX 

32  *C<TR>=?' 

82  RCL  04 

132»L3L  *CT* 

33  PROMPT 

33  RCL  82 

133  F5"  02 

34  STO  03 

34  * 

134  GTO  07 

35  *CdO<TR>=‘>* 

35  STO  28 

135  RCL  11 

36  PROMPT 

36  CLX 

136  RCL  23 

37  STO  15 

37*LBL  'DO' 

137  / 

38  *R<TR>=?' 

88  'PO=> 

138  RCL  22 

39  PROMPT 

39  PROMPT 

139  / 

40  STO  04 

90  STO  19 

140  RCL  27 

41  •L<Tfl!L>=’- 

91  6.375  E-06 

141  Xt2 

42  PROMPT 

92  * 

142  •' 

43  STO  16 

93  CHS 

143  STO  29 

44*IBL  'ORES' 

94  1 

144  GTO  88 

45  RCL  01 

95  ♦ 

145*L8L  07 

46  Xt2 

96  5.2561 

146  RCL  36 

47  PI 

97  YtX 

147  RCL  24 

48  * 

98  'T<F>=?' 

148  / 

49  STO  23 

99  PROMPT 

149  RCL  22 

50  CLX 

100  STO  13 

150  / 

151  RCL  28 

201  / 

251  / 

152  Xt2 

202  RCL  24 

252  FC?  82 

153  / 

203  / 

253  STO  85 

154  STO  30 

204  SQRT 

254  STO  88 

155HBL  88 

205  STO  32 

255»LBL  -PO’ 

156  CLX 

206+LBL  12 

256  FS?  02 

157*LBL  *TL* 

207*LBL  ’PI’ 

257  RCL  28 

158  FS?  82 

208  FS?  02 

258  FC?  82 

159  GTO  99 

209  GTO  a 

259  RCL  27 

160  RCL  29 

210  FS?  03 

268  3 

161  2 

211  GTO  a 

261  YtX 

162  * 

212  ’VF=?’ 

262  FS’  82 

163  SORT 

213  PROMPT 

263  RCL  24 

164  RCL  18 

214  1.68889 

264  FC?  82 

165  / 

215  * 

265  RCL  23 

166  CHS 

216  STO  20 

266  * 

167  1 

217*LBL  a 

267  RCL  22 

168  + 

218  RCL  20 

268  * 

169  STO  33 

219  FS?  02 

269  FS’  02 

170  GTO  10 

220  RCL  32 

270  RCL  15 

171*LBL  09 

221  FC?  02 

271  FC?  82 

172  RCL  30 

222  RCL  31 

272  RCL  12 

173  2 

223  / 

273  * 

174  * 

224  Xt2 

274  FS?  82 

175  SQRT 

225  2 

275  RCL  26 

176  RCL  14 

226  / 

276  FC?  82 

177  / 

227  STO  08 

277  RCL  25 

178  CHS 

228  XT2 

278  * 

179  1 

229  1 

279  4408 

180  + 

238  + 

288  / 

181  STO  34 

231  SQRT 

281  STO  89 

182M.BL  18 

232  RCL  98 

282  RCL  20 

183*L8L  ’VI- 

233  - 

283  FS?  02 

184  FS?  02 

234  SQRT 

284  RCL  28 

185  GTO  11 

235  FS?  82 

285  FC?  92 

186  RCL  11 

236  RCL  36 

286  RCL  27 

187  2 

237  FC?  82 

287  / 

188  / 

238  RCL  11 

288  Xt2 

189  RCL  22 

239  * 

289  4.3 

190  / 

240  FS?  92 

290  * 

191  RCL  23 

241  RCL  32 

291  1 

192  / 

242  FC?  02 

292  * 

193  SQRT 

243  RCL  31 

293  RCL  89 

194  STO  31 

244  * 

294  * 

195  GTO  12 

245  550 

295  FC?  82 

196KBL  11 

246  / 

296  STO  86 

197  RCL  36 

247  FS?  82 

297  STO  89 

198  2 

248  RCL  34 

298  FS’C  82 

199  / 

249  FC?  02 

299  GTO  12 

200  RCL  22 

258  RCL  33 

104 


308+i.BL  *PP* 

391  RCL  20 

302  3 

303  YtX 

304  RCL  13 

305  * 

306  RCL  22 

307  * 

308  1180 

309  / 

318  STO  07 
311*LBL  *PT<HR>' 

312  RCL  05 

313  RCL  06 

314  + 

315  RCL  07 

316  + 

317  STO  35 
318+LfiL  ’THRUST' 

319  RCL  35 

320  550 

321  * 

322  RCL  17 

323  / 


VE 


1.  Purpose 

This  program  utilizes  program  "POWER"  iteratively  and 
solves  for  the  maximum  endurance  velocity  and  power  required 
at  that  velocity.  The  user  is  given  the  option  of  selecting 
the  velocity  range  over  which  the  power  is  calculated  as 
well  as  the  velocity  increment  to  be  used.  Since  the 
maximum  endurance  velocity  for  a  helicopter  occurs  at  that 
velocity  where  power  required  is  a  minimum,  the  program 
simply  compares  the  total  power  required  at  each  velocity, 
saves  the  smallest  value  and  displays  the  associated 
velocity  as  that  at  which  maximum  endurance  will  occur. 
Execution  of  this  program  requires  2  minutes  for  ten 
velocity  iterations.  It  is  therefore  recommended  that  the 
program  be  initially  run  at  10  knot  increments  over  the 
entire  velocity  range  from  0  to  V  max.  The  velocity 
displayed  will  be  the  maximum  endurance  velocity  accurate  to 
within  ±  5  kts.  The  program  may  then  be  run  a  second  time 
starting  5  kts  below  the  displayed  V<end>  and  stopping  5  kts 
above  it  using  1  kt  intervals.  This  procedure  will  enable  a 
V<end>  accurate  to  within  1  kt  to  be  obtained  in  less  than 
10  minutes  for  almost  all  designs.  The  program  output 
displays  are  as  follows: 

Display:  Explanation: 

V<end>!»  Maximum  Endurance  Velocity 

P<V  end>»  Total  power  required  at  V<end> 
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3.  Flowchart 


>8 


Becall  T-Stop  fcoa  S4» 


Be  call  Te  fro«  Bw 


''IsN, 
X  <*  TV 


4.  Example  Problem  and  User  Instructions 

Find  the  maximum  endurance  velocity  for  the  sample  heli¬ 
copter  design  used  for  the  "POWER"  example  problem  under  the 
following  conditions: 

V<max>  =  120  kts 
PA  =  0  ft 
T  =  59  F 


a.  10  kt 

increment  from  0 

to  V<max>. 

Keystrokes: 

Display : 

(XEQ)  (ALPHA) 

VE 

(ALPHA) 

V-START? 

0  (R/S) 

PA  =  ? 

0  (R/S) 

T<F>  =  ? 

59  (R/S) 

INCR  =  ? 

10  (R/S) 

V-STOP  = 

? 

120  (R/S) 

V<end>  = 

60 

(R/S) 

P<end>  = 

384 

b.  1  kt 

increment  from  V 

=  55  kts  to  V  = 

65  kts 

Keystrokes: 

Display : 

(XEQ)  (ALPHA) 

VE 

(ALPHA) 

V-START? 

55  (R/S) 

PA  =  ? 

0  (R/S) 

T<F>  =  ? 

59  (R/S) 

INCR  =  ? 

1  (R/S) 

V-STOP  = 

? 

65  (R/S) 

V<end>=58 

(R/S) 


P<V  end>=  383 


Program  Listings 


ei*LSL  *VE* 
02  3F  03 
03  ‘V-S7fiRT’!“ 
04  PROMPT 
95  -5T0  45 
06  1.68S? 

07  * 

08  370  2? 

00  '<EQ  ■SO" 
18  370  43 

11  "INC?  > 

12  PR0WPT 

13  1.6888? 

14  * 

15  370  40 
16  ■V-STQP'?* 

17  PR0NPT 
13  1.6880? 
I?  * 

20  370  44 

21+LBL  1? 

22  PCI  46 

23  37+  29 

24  XEQ  •»!* 

25  SCI  +3 

26  PCI  37 

27 

28  070  !3 

29  C70  1.4 


30+LSL  17 

31  370  47 

32  CLX 

33  RCL  20 

34  1.633S 

35  / 

36  S70  45 

37»LBL  14 

38  PCL  14 

39  »CL  2@ 

40 

41  G70  12 

42  CF  03 

43  TONE  2 

44  PCL  45 

45  FIX  0 
46  ■V<EHP’> 

47  0RCL  K 

48  OVIEii 

49  370P 

50  PCL  43 
51  *P<ENB> 

52  3RCL  V 

53  OVIE'W 

54  END 


1 .  Purpose 

This  program  utilizes  program  "POWER"  iteratively  and 
solves  for  the  maximum  range  velocity  and  power  required  at 
that  velocity  for  a  helicopter.  The  user  is  given  the  option 
of  selecting  the  velocity  range  over  which  the  power  is 
calculated  as  well  as  the  velocity  increment  to  be  used. 

The  maximum  range  velocity  for  a  helicopter  occurs  at  that 
velocity  where  the  ratio  of  power  required  to  velocity  is  a 
minimum  (considering  also  the  zero  power  fuel  flow  or 
phantom  SHP).  The  graphical  method  for  determining  the 
maximum  range  velocity  is  illustrated  in  Chapter  14  of 
[Ref.  20].  Program  "VMR"  computes  the  slope  of  a  line  drawn 
from  the  origin  (modified  to  include  the  Phantom  SHP)  of  the 
Power  Required  vs.  Velocity  curve  to  the  power  curve  itself. 
The  slope  is  recalculated  at  each  velocity  over  the  velocity 
range  designated  by  the  user.  The  program  compares  the  slope 
obtained  at  each  velocity,  saves  the  smallest  value  and 
displays  the  associated  velocity  as  that  at  which  maximum 
range  will  occur.  Execution  of  this  program  requires  2 
minutes  for  ten  velocity  iterations.  Since  the  maximum 
range  velocity  will  occur  above  the  maximum  endurance 
velocity,  it  is  recommended  that  the  program  be  initially 
run  at  10  knot  increments  over  the  range  from  V<end>  to 
V<max>.  The  velocity  displayed  will  be  the  maximum  range 
velocity  accurate  to  within  t  5  kts.  The  program  may  then 


be  run  a  second  time  starting  5  kts  below  the  displayed  VMR 
and  stopping  5  kts  above  it  using  1  kt  intervals.  This 
procedure  will  enable  a  VMR  accurate  to  within  1  kt  to  be 
obtained  in  less  than  10  minutes  for  almost  all  designs. 

The  program  output  displays  are  as  follows: 

Display:  Explanation: 

VMR=  Maximum  Range  Velocity 

P<Vmr>=  Total  power  required  at  VMR 

2 .  Equat ions 

Vj  (ft /sec)  =  1.6889  x  Vf  (knots) 

(PT  +  PSHP ) 

slope  of  tangent  line  = 
where : 

Vf  is  the  forward  velocity  of  the  helicopter 

PT  is  the  total  power  required  for  the  helicopter 

at  a  specified  Vf  (hp) 

is  the  zero  velocity  shaft  horsepower  (phantom 
SHP)  for  the  powerplant  used  at  a  specified 
pressure  altitude  and  temperature  (hp) 


PSHP 


3.  Flowchart 


^tar^ 

I  Set  flag~Q3l 


I  Proept  foe  PSHP;  store  in  Bail 


Proept  for  7-start;  store  in  Ras 
Bgis  non  It  for  einiane  slope:  (Pr  »  PSHP)/7> 


Convert  7-start  to  fft/sec;  Store  in  Baal 


leg  1 POHEH  ?  at  LBL  *  DA*  | 


Store  P^for  7- start  in  Baz 
Be a  is  now  Pr  f or  einleue  slope;  (Pr  »  PSHP)  /7p 

Add  PSHP  to  Pr  and  divide  by  7-Start;  store  in  Ho 
_ B^is  now  ainieae  slopes  (Pr +PSHP)  /7» 


Proept  for  velocity  increeent;  convert  to  ft/sec 

and  store  in  Bu 

-  I  - 

Proept  for  7-stop;  convert  to  ft/sec 
_ and  store  in  Ha* 


1  Increeent  velocity  in  Rzo  1 


leg  •POWEB*  at  'PI' 

Hew  Brnov  in  Bs7 

. -  1  — - , 

f Co spate  new  slope:  (Pr-*’  PSHP)/7f 
1  Recall  niaisua  slope  froe  Ras  1 


next  page 


next  page 


4.  Example  Problem  and  User  Instructions 


Find  the  maximum  range  velocity  for  the  sample  heli¬ 
copter  design  used  for  the  "POWER"  example  problem  under  the 
following  conditions: 

PSHP  *  310  SHP 
V<end>  =  58  kts 
V<max>  =  120  kts 


PA  =  0  ft 
T  =  59  F 

a.  10  kt  increment  from  V<end>  to  V<max>. 


Keystrokes: 

Display: 

(XEQ)  (ALPHA)  VMR  (ALPHA) 

PSHP  =  ? 

310  (R/S) 

V-START  =  ? 

58  (R/S) 

PA  *  ? 

0  (R/S) 

t<f>  =  ? 

59  (R/S) 

INCR  =  ? 

10  (R/S) 

V-STOP  =  ? 

120  (R/S) 

Vmr  =  108 

(R/S) 

P<Vmr>=  593 

b.  1  kt  increment  from  V  •  103  kts  to  V  * 


113  kts. 


Keystrokes: 

(XEQ)  (ALPHA)  VMR  (ALPHA) 
310  (R/S) 

103  (R/S) 

0  (R/S) 

59  (R/S) 


Display : 
PSHP  *  ? 
V-START  -? 
PA  *  ? 

T<F>  ■  ? 


INCR  -  ? 


1  (R/S) 


V-STOP  =  ? 


113  (R/S) 


Vmr  =  108 


(R/S) 


P<Vmr>  =  593 


5.  Programs  and  Subroutines  Used 


"POWER"  (entered  at  subroutine  "DA"  or  "PI") 

6.  Storage  Register  Utilization 

Table  X  shows  specific  storage  register  contents 


TABLE  X 


VMR  Storage  Register  Utilization 


Storage 

Register 


Stored  Quant it: 


00-37 


-  used  by  "POWER" 

Puo  -  power  required  at  minimum  ratio  of 
power  to  velocity  (hp) 

P/V_  -  the  minimum  calculated  ratio  of 
power  to  velocity 

V„  -  the  upper  bound  velocity  selected 
for  the  iteration  (ft /sec) 

VMR  -  the  velocity  at  the  minimum  ratio 
of  power  to  velocity  (ft /sec) 

VTMr  -  the  velocity  increment  selected 
(ft /sec) 


.8 


Program  Listings 


61  *161  ■ vmr - 
02  SF  83 
03  *P$HP?* 

04  PROMPT 
05  STO  41 

86  “V— START?" 

87  PROMPT 
08  STO  45 
09  1.68889 
10  * 

11  STO  28 

12  XEQ  ‘DA- 

13  STO  42 

14  RCL  41 

15  ♦ 

16  RCL  45 
1?  / 

18  STO  43 

19  *IHCR?* 

28  PROMPT 

21  1.6889 

22  * 

23  STO  46 

24  "V-STOP?” 

25  PROMPT 

26  1.6889 

27  * 

28  STO  44 
294LBL  81 
39  RCL  46 

31  ST+  20 

32  m  *PI* 

33  RCL  41 

34  + 

35  RCL  28 


36  1.6889 

37  / 

38  / 

39  RCL  43 

40  X>Y? 

41  GTO  82 

42  GTO  03 
43*LBL  82 

44  RCL  Y 

45  STO  43 

46  RCL  20 

47  STO  45 

48  RCL  37 

49  STO  42 
58*LBL  83 

51  RCL  44 

52  RCL  2« 

53  X<=Y? 

54  GTO  01 

55  CF  93 

56  TOME  5 

57  RCL  45 

58  1.6889 

59  / 

68  FIX  0 

61  *VHRS" 

62  ARCL  X 

63  AVIEU 

64  STOP 

65  RCL  42 

66  ‘P<VMR> 

67  ARCL  X 

68  AVIEU 

69  STOP 
78  END 


APPENDIX  F 


EVALUATION  OF  ANALYTICAL  SOLUTIONS 

This  appendix  contains  comparisons  of  predicted  perfor¬ 
mance  data  from  an  aircraft  operator's  manual  with 
analytical  results  obtained  by  the  use  of  computational 
programs  developed  in  this  study.  The  UH-60A  heli¬ 
copter  (Blackhawk)  was  selected  to  conduct  this  compari¬ 
son.  Performance  data  for  the  UH-60A  was  taken  from 
charts  in  Chapter  7  of  TM  55-1520-237-10  (Operator's 
Manual).  Performance  data  for  the  T700-GE  700  engine 
was  taken  from  [Ref.  19].  Analytical  calculations 
were  made  based  upon  the  standard  sea  level  performance 
characteristics  of  the  T700-GE  700  engine  (Appendix  B) 
and  the  following  design  data  for  the  UH-60A: 

Main  Rotor  Tail  Rotor  Aircraft 

C  =  1.75  ft  C  =  0.81  ft  L<tail>  =  31.50  ft 

R  -  26.8  ft  R  =  5.50  ft  W<gross>  =  20,250  lbs 

b  =  4  b  =  4  F.P.A.(FF)  =  25.7 

CdO  =  0.008  CdO  =  0.008  Vmax  =  156  kts 

RV  =  27.2  rad/sec  RV  =  125  rad/sec 

Program  "POWER"  was  used  to  compute  total  power  require¬ 
ments  (PT) for  the  aircraft  and  the  Helicopter  Power 
Computation  Package  was  used  to  verify  the  calculations. 
Calculation  of  fuel  flow  rates,  maximum  endurance  velocity, 


maximum  range  velocity,  and  fuel  weight  were  all  made  on 
the  HP-41C  and  verified  using  program  "FUELFLO"  and 
the  Helicopter  Computation  Package  on  the  IBM  3033 
Computer. 

Initially  it  was  necessary  to  convert  the  percent  torque 
readings  from  the  charts  in  the  Operator's  Manual  to 
Engine  Shaft  Horsepower  (ESHP).  The  method  used  was  as 
follows : 

From  [Ref.  23]: 


Maximum  continuous  Output  Shaft  Output  Torque 

Power  at:  SHP  RPM  (ft  lb) 

Stnd  Sea  Level  1310  20,000  344 

Solve  for  the  torque  conversion  factor: 

Torque  (ft  lb)  *  SHP- 550(ft-lb/sec)(l/hp) -60 

20,000  rev /min (2tt  rad/sec) 

=  .263  SHP 

Then  from  TM  55-1520-237-10  Fig  7-4  at  Standard  Sea 
Level  conditions: 

Maximum  Continuous  Torque  Available  =  88% 

Therefore  100%  Torque  (the  transmission  limit)  for  two 
engines  is: 

2(344)/. 88  *  792  ft-lb 
or 

792/. 263  =  2973  ESHP 

This  value  of  2973  ESHP  is  a  constant  limit  for  the 
transmission  and  was  used  to  convert  chart  readings  of 


percent  torque  available  to  engine  shaft  horsepower  for 
comparison  with  analytical  results. 

Comparisons. 

a.  ESHP  and  fuel  flow  rates:  Table  XI 

b.  Maximum  endurance  and  maximum  range  velocities: 
Table  XII 

c.  Mission  profile  fuel  weight:  Table  XIII 


TABLE  XI 


Analytical  vs.  Actual  ESHP  and  Fuel  Flow 


Standard  Sea  Level  Conditions 


Analytical 

Operator  * s 
Manual 

Hover  OGE 

ESHP 

2399 

2676 

Wf  (lb /hr) 

1218 

1263 

50  knots 

ESHP 

1413 

1635 

W  (lb/hr) 

829 

895 

100  knots 

ESHP 

1276 

1487 

W  (lb /hr) 

775 

845 

130  knots 

ESHP 

1593 

1903 

Wf (lb /hr) 

900 

975 

4000  ft  and  95  F 

Hover  OGE 

ESHP 

2575 

3122* 

Wf  (lb /hr) 

1259 

1400* 

50  knots 

ESHP 

1551 

1932 

Wf (lb /hr) 

854 

970 

100  knots 

ESHP 

1245 

1605 

Wf (lb /hr) 

733 

850 

130  knots 

ESHP 

1452 

2021 

Wf  (lb/hr) 

815 

1010 

♦Approximate;  exceeds  maximum  continuous  power 


Rates 


l  Error 


10 

4 


14 

7 


14 

8 


16 

8 


18 

10 


20 

12 


22 

14 


28 

19 


available 


TABLE  XII 


Analytical  vs.  Actual  Max  Endurance  and  Range  Velocities 


Standard  Sea  Level  Conditions 


Analytical 

Operator 1 s 
Manual 

%  Error 

Maximum  Endurance 
Velocity  (kts) 

81 

80 

1 

Maximum  Range 
Velocity  (kts) 

140 

142 

1 

4000  ft  and  95  F 

Maximum  Endurance 
Velocity  (kts) 

90 

88 

2 

Maximum  Range 
Velocity  (kts) 

149 

129* 

16 

♦Exceeds  maximum  continuous  power 

available. 
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TABLE  XIII 


Analytical  vs.  Actual  Mission  Fuel  Weight 
Conditions 

PA  =  4000  ft  Cruise  Velocity  =  110  kts 

Temp  =  95  F  Max  Endurance  Velocity: 

Range  =  275  nm  =  88  kts  (actual) 

»  90  kts  (analytical) 

Normal  Rated  Power  (2  engines): 

=  2620  ESHP 

Mission  Fuel  Weight  Profile  Equation 

Fuel  Weight  =  .05Wf<NRP>  +  Wf<cruise>*Range/V<cruise> 

+  .25Wf <V<end>>  +  .05Wf<NRP> 

Results 

Operator's 

Analytical  Manual  j  Error 
Fuel  Weight  (lbs)  2184  2343  7 

Note:  Fuel  capacity  for  the  UH-60A  is  2345  lbs.  This 
limited  the  cruise  velocity  which  could  be  used  to  110 
knots  for  this  comparison. 
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